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APPENDIX A 

SOIL MODELS FOR LABORATORY TESTING 

This appendix presents  d e t a i l e d  desc r ip t ions  of the s o i l  models u t i l i z e d  
i n  the  laboratory t e s t i n g  phase of the program. The ensuing chapters  w i l l  
descr ibe the models i n  terms of composition, p a r t i c l e  s i z e  and s i z e  d i s t r i -  
bution, t ex tu re  and s t r u c t u r e .  Where organic materials are present ,  t h e i r  
character  w i l l  be described and pictured.  

Nevada No.  60 Sand 

This sand was u t i l i z e d  i n  a pure s t a t e  as the  unnumbered noncohesive sand 
model (see the tes t  matrix,  Table 3-3) and as the noncohesive surface 
l a y e r  of the  sand over pumice models (Nos. 11-la, 11-lb, 11-lc and 11-ld).  
The Nevada No. 60 sand w a s  o r i g i n a l l y  se l ec t ed  t o  r ep resen t  a typ ica l  
terrestrial  d e s e r t  dune sand having a g r a i n  s i z e  d i s t r i b u t i o n  s imi l a r  t o  
t h a t  described by Bagnold. It w a s  commercially obtained from a n a t u r a l  
dune source i n  Clarke County, Nevada. Mineralogically,  i t  i s  wholly com- 
posed of water white t o  buff t o  reddish brown, s l i g h t l y  i ron-stained,  w e l l  
rounded t o  subrounded, quartz  g ra ins .  For t e s t i n g  purposes, the  model i s  
maintained i n  a loose s ta te .  Since the individual  grains  are w e l l  rounded, 
an e a s i l y  sheared uncompacted mater ia l  i s  obtained. 

The p a r t i c l e  s i z e  d i s t r i b u t i o n  and summation curves f o r  Nevada No. 60 
sand are designated on Figures A-1 and A-2,  r e spec t ive ly .  

A-4 
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Accessory minerals 

- 

Oliv ine  Basalt S i l t  

Hypersthene 15 

25 

01 iv ine  20 

Magne t i t  e 5 

100% 100% 
-- - -  - - 

- a  I 

The b a s a l t  s i l t  w a s  t e s t e d  i n  a pure state a s  the  unnumbered cohesive s i l t  
model (see the t e s t  matr ix ,  Table 3-3) and a s  the  s i l t - s i z e  component of 
the  pebble rubble model (No. PR), The b a s a l t  s i l t  w a s  s e l ec t ed  as a 
labora tory  test model because of i t s  geologica l ly  und i f f e ren t i a t ed  charac- 
ter which may express an a f f i n i t y  t o  und i f f e ren t i a t ed  lunar  and p lane tary  
c r u s t s ,  and i t s  g ra in  s i z e  and cohesive na ture ;  Cohesion i s  obtained f o r  
t e s t i n g  purposes through a combination of extremely angular g ra in  shape 
and na tu ra l  packing due t o  handling. 
crushing Pisgah Cra te r  o l i v i n e  b a s a l t  cobbles u n t i l  the  des i red  product 
passed through a 230 mesh screen ( p a r t i c l e  s i z e  e 62 p) .  

It w a s  prepared by mechanically 

The composition of Pisgah Crater  o l iv ing  b a s a l t  w a s  obtained from petro-  
graphic analyses  of th in-sec t ions  cu t  from pahoehoe flow fragments. The 
composition of the fe ldspar  minerals  w a s  checked by an X-ray d i f f r a c t i o n  
a n a l y s i s ,  The average composition was ascer ta ined  t o  be tha t  shown i n  
Table A-1 .  

TABLE A - 1  

P a r t i c l e  s i z e  d i s t r i b u t i o n  and summation curves f o r  b a s a l t  s i l t  a r e  shown 
on Figures A-3 and A-4. 

A- 7 



2 
d 
65 
0 
Q 

I 





S o i l  Model 1-2 Pumice 

Pumice w a s  used i n  the  prepara t ion  of two labora tory  models. I n  a pure 
s t a t e ,  blocks of pumice were l a i d  end t o  end, as i l l u s t r a t e d  i n  Figure A-5, 
t o  demonstrate the  a b i l i t y  of the  VCS and DWB samplers t o  c o l l e c t  samples 
from a completely outgassed, very c e l l u l a r ,  hard and b r i t t l e  type of sur-  
face  flow ma te r i a l  t h a t  may r ep resen t  lava sur faces  i n  reduced atmospheric 
pressure  environments such as the  Moon and Mars. Vesicular  sur faces  of 
t h i s  na ture  may provide idea l  organic microenvironments. The pumice was 
commercially obtained from a source near  Mono Lake, Lee  Vining, Mono 
County, Ca l i fo rn ia .  It w a s  supplied i n  c u t  blocks measuring 1 2 x 1 1 ~ 6  inches 
s u i t a b l e  fo r  d i r e c t  implacement i n t o  the  VCS and DWB sampling b ins  as 
shown i n  Figure A-5. 
g l a s s .  Flow banding is  prominent ( a s  denoted i n  the darker blocks i n  
Figure A-5) due t o  the  presence of minor amounts of impur i t ies ,  dominantly 
oxides of magnesium and i ron .  The ind iv idua l  v e s i c l e s  making up the  
c e l l u l a r  s t r u c t u r e  of t h i s  type of pumice vary i n  diameter from 0.1 t o  
15 mm; the  average diameter i s  1.5 mm. Because of the  flow s t r u c t u r e  
most of the v e s i c l e s  are oval to s inuously contor ted.  The w a l l s  separa t ing  
v e s i c l e s  o f t en  tend t o  be bundles of tubes with g l a s s  walls varying from 
10 t o  50 p i n  thickness .  Beneath the  microscope, a hand specimen appears 
t o  be composed of interwound s i l k y  f i b e r s  t rending p a r a l l e l  t o  the flow 
banding with each f i b e r  a tube.  The co l l ec t ions  of interwound f i b e r s ,  
i n  tu rn ,  enclose the  v e s i c l e s  i n  a sponge-like manner. 

The pumice i s  mineralogical ly  a water white s i l i c a  

So i l  Models 11-la, 11-lb,  11-lc and 11-ld,  Nevada No. 60 Sand of Varying 
Thickness over a Pumice Base 

Pumice w a s  u t i l i z e d  a s  the base mater ia l  because i t  tends t o  s imulate  out-  
gassed flow material and Nevada No. 60 sand was used a s  the sur face  layer  
because of i t s  dune-like,  noncohesive and e a s i l y  sheared charac te r .  I n  
add i t ion ,  the two mater ia l s  a r e  so unl ike  t h a t  the sand g r a i n s  and equal ly  
s ized  g l a s s  shards could be e a s i l y  separated under the  microscope and the 
sample co l l ec t ing  e f f ec t iveness  of the samplers analyzed. 

Descr ipt ions of Nevada No. 60 sand and Mono Lake pumice are provided above 
and by Figures A-1  and A-2. The prepara t ion  of the  models is descr ibed 
i n  Table 2-2 of the t e s t  plan.  

S o i l  Model 11-3 Sandstone 

The sandstone model w a s  designed t o  a f fo rd  a cohesive p a r t i c u l a t e  mater ia l  
having a dense but  very i r r e g u l a r  sur face .  Blocks of sandstone up t o  1 2  
inches i n  length  were i r r e g u l a r l y  d i s t r i b u t e d  along the  length  of the DWB 
sampling b in  fo r  t e s t i n g  a s  shown by Figure A-6. The sandstone blocks were 
obtained by Philco-Ford personnel from an  excavation on the I rv ine  Ranch, 
Corona d e l  Mar, Cal i forn ia .  The sandstone can be genera l ly  descr ibed a s  
a buf f ,  l imonite-s ta ined,  weakly cemented (Fe2O3 and CaC03), f i n e  t o  very 
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PUMICE MODEL I N  DWB TESTING B I N  

FIGURE A-6 
SANDSTONE MODEL I N  DWB TESTING BIN 



f i n e  grained, s l i g h t l y  s i l t y ,  upper Miocene sandstone. An abundance of 
p l an t  remains and complete l ack  of marine f o s s i l s  suggests t h a t  i t  w a s  
formed i n  an e s tua r ine  or  d e l t a i c  environment. A d e t a i l e d  breakdown of 
i t s  mineralogical composition i s  provided on Table A-2. 

The p a r t i c l e  s i z e  d i s t r i b u t i o n  and summation curves f o r  the sandstone 
model a r e  presented on Figures A-7 and A-8. The sandstone w a s  broken down 
by soaking several r ep resen ta t ive  fragments i n  water, autoclaving t o  dry- 
ness  and, f i n a l l y ,  manually crushing lumps t h a t  had recemented i n  t h e  
autoclave.  

S o i l  Model PR Pebble Rubble 

The pebble rubble material w a s  manufactured from mechanically crushed 
Pisgah Crater o l i v i n e  basa l t .  
0 . 5 ~  and 76 mm. The p a r t i c l e  s i z e  d i s t r i b u t i o n  curve, Figure A-9, and the  
summation curve, Figure A-10,  i l l u s t r a t e  the p a r t i c l e  d i s t r i b u t i o n  between 
these extremes. 
composed of crushed material. Three types of p a r t i c u l a t e  material were 
intermixed t o  f a b r i c a t e  the test  model. The parent  rock from which a l l  
t h ree  types were obtained were boulders and cobbles of pahoehoe type lava 
from the Pisgah Crater  flow complex. The pebble component w a s  removed as 
t h e  i n i t i a l  product of a Gates j a w  crusher;  material from 10 t o  76 mm w a s  
obtained. J a w  crushed material w a s  f u r t h e r  reduced by passing through a 
gyratory crusher se t  f o r  approximately 10 mm; t h i s  produced the sand-sized 
material ,  62p t o  2 mm. Due t o  the processing described above, a pauci ty  
of material i n  the 7 t o  1 2  mm range w a s  obtained as demonstrated by the  
p a r t i c l e  s i z e  d i s t r i b u t i o n  curve of Figure A-9. 
i z i n g  cycles  beyond the j a w  crusher were u t i l i z e d  t o  obtain the  s i l t  f r ac -  
t ion .  This f r a c t i o n  included material t h a t  passed wholly through a 230 
mesh screen; a product with a g r a i n  s i z e  range of 0.5 t o  62p. Equal 
amounts of these products were mixed t o  y i e l d  the  pebble rubble model 
tes ted .  The r e s u l t a n t  rubble i s  p i c tu red  i n  Figure A - 1 1 .  

The abso lu te  g ra in  s i z e  range l i e s  between 

This model was designed t o  represent  an impact rubble 

Three add i t iona l  pulver- 

S o i l  Model IV-1 Infected Sand 

Nevada No. 60 sand w a s  contaminated wi th  Bac i l lu s  s u b t i l i s  va r .  n ige r  
spores t o  provide about 1 x lo5 spores per  gram of sand. 
obtained from R.  K. Hoffman, F t .  Detrick,  Maryland, assayed 1 x 10" 
spores per gram. Assay procedures f o r  spores and spores mixed with sand 
a re  described i n  Appendix C.  The manner i n  which spores and sand were 
mixed i s  noted i n  Table A-3. The composition and p a r t i c l e  s i z e  range of 
Nevada No. 60 sand is  shown on Figure A-1  and A-2. 

The dry spores,  



Caught on 
Sieve No. 

10 

60 

120 

230 

325 

Total  

Quantity 
Grams 

0.14 

0.13 

0.60 

2.43 

18.69 

39.70 

2.66 

2.35 

66.70 

TABLE A-2 

SOIL MODEL 111-2, SANDSTONE, CONTROL SAMPLE 

Description 

Very f i n e  grained gravel  composed of :  

Greasy gray, angular q u a r t z i t e  pebbles, 2 t o  5 mm - 40% 

F o s s i l  roo t ,  stem and l e a f  fragments: 60% 

Very coarse sand a s  follows: 

Quar tz i te  as  above - 50% 

Snow white t o  rus ty ,  subangular t o  subrounded CY quar tz  - 30% 

F o s s i l  p l a n t  fragments a s  above - 20% 

Coarse grained sand as  follows: 

Ouartzi te  a s  above - 10% 

CY quar tz  species  (70%) 

(a)  Water white, t rans lucent ,  wel l  rounded gra ins  - 45% 
(b) Water white t o  orange t o  buff t o  dark red angular t o  

(c)  Snow white, angular t o  subrounded gra ins  - 10% 
subangular g t a i n s  - 15% 

Foss i l  p lan t  fragments a s  above - 15% 

Golden yellow t o  l i g h t  brown muscovite mica f l a k e s  - 5% 

Medium grained sand: 

Quartzi te  - Trace 

CY quartz  species  a s  above (75%) 

(a)  45% 
(b) 25% 
(c) 5% 

Foss i l  p lan t  fragments - 5% 

Muscovite mica f lakes  - 20% 

Fine grained sand: 

CY quar tz  species  a s  above (80%): 

(a)  Trace 
(b) 60% 
( c )  20% 

F o s s i l  p lan t  fragments - Trace 

Muscovite f lakes  - 20% 

Dark resinous brown magnetite - Trace 

Very f i n e  grained sand: 

CY quartz  species  (90%): 

(a) Trace 
(b) 70% 
(c)  20% 

F o s s i l  p lan t  fragments - Trace 

Muscovite f lakes  - 5% 

Magnetite - 5% 

Quartz s i l t  composed of :  

01 quartz  spec ies  a s  above (85%): 

(a) Trace 
(b) 65% 7 
(c)  20% 

Muscovite f lakes  - Trace 
Magnetite - 15% 

Very f i n e  grained quartz  s i l t  (very l i t t l e  c lay) :  
CY quar tz  species  (> 95%): 

(a )  Trace 
(b) > 85% 
(c) 10% 

Muscovite f lakes  - Trace 
Magnetite - < 5% 
Clay - Trace 

A-13 
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FIGURE A - 1 1  
PEBBLE RUBBLE MODEL I N  DWB TESTING B I N  

FIGURE A-12  
CEMENTED SAND WITH FILAMENTS MODEL 
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TABLE A-3 

( f )  D i lu t ion  p l a t e  count assays of con t ro l s  and sampled sand 

L specimens ( see  Appendix C) . 

i 
" !  

l 

e 

PREPARATION OF HOMOGENEOUSLY INFECTED NEVADA 60 SAND 

Cultures prepared from the sand before  the spores were added had a very 
low b a c t e r i a l  count and d id  not  include organisms which resembled the 
- B. s u b t i l i s  va r .  n iger  colony. This indicated t h a t  i t  w a s  not  necessary 
t o  s t e r i l i z e  the  sand before  spores and sand were combined. 

So i l  Model IV-3 Cemented Sand with Filaments 

This model w a s  designed t o  represent  a cohesive s o i l  containing organic 
f i lamentary or roo t - l i ke  s t r u c t u r e s .  
sand and common cement with a 1O:l r a t i o  of aggregate t o  cement. While 
the  mixture w a s  i n  a viscous s t a t e  f i laments  of sphagnum moss were 
l i b e r a l l y  introduced t o  produce a product wherein the f i lament  dens i ty  i s  
a t  l e a s t  10 f i laments  per  square inch. The rough, filament-studded sur- 
face  of t h i s  model i s  shown wi th in  i t s  wooden t e s t  b in  i n  Figure A-12.  

It w a s  f ab r i ca t ed  from Nevada No. 60 

So i l  Model IV-4 Lichen Covered Basal t  

Among the  terrestrial  xerophyt ic  p l an t s ,  the  symbiotic a s soc ia t ion  of a 
fungus and an a lga  t h a t  c o n s t i t u t e s  a l i chen  d i sp lays  the  g r e a t e s t  envi- 
ronmental tolerance.  The l i chens  a r e  e a r l y  co lonizers  of devastated 
a reas ,  e.g., lava flows, and are predominant forms i n  low e leva t ion ,  low 
l a t i t u d e  d e s e r t s  a s  w e l l  as high l a t i t u d e  tundra and high e l eva t ion  a l p i n e  
f l o r a s .  For these  reasons a l i chen- l ike  form may be the  organic adapta- 
t i o n  n a t u r a l l y  se l ec t ed  by Martian organisms. 
u t i l i z e  an encrus t ing  organism t h a t  w a s  indigenous t o  an  extremely rough 
sur face  l i k e  b a s a l t  c inder  masses. Basal t  boulders l i b e r a l l y  strewn with 

It w a s  a l s o  d e s i r a b l e  t o  

A-19 



l i chens  were co l l ec t ed  from the  extremely d ry  southern s lope of the  i n t e r i o r  
c r a t e r  w a l l  of the  Pisgah Crater cinder  cone. 
c rus tose  yellow l i chens  on a highly i r r e g u l a r  and microvesicular b a s a l t  
c inder  mass. The l i chen  colony measures 2 inches by 3/4 inch and the  face  
of the  rock is  3 inches wide. 
colonies  of l i chens  were hand emplaced i n  the  DWB sampling b in  f o r  t e s t i n g  
i n  a manner tha t  would provide an i r r e g u l a r  sur face  estimated t o  be 
approximately 15 percent  l i chen  covered. 

Figure A-13 shows a group of 

Dozens of p ieces  of b a s a l t  bearing similar 

So i l  Model IV-5  Organic Inc rus t a t ions  

The organic i n c r u s t a t i o n  model was se l ec t ed  t o  s imulate  the  presence of 
f o s s i l s  or v i a b l e  encrust ing organisms whose s k e l e t a l  remains or  t e s t s  
were contained wi th in  o r  welded t o  a rock sur face  with an adhesion similar 
t o  t h a t  of the  rock i t s e l f .  For these  reasons,  microporous cement sur faces  
containing l a r g e  numbers of small t idewater  barnacles  a f f ixed  the re to  were 
chosen t o  represent  t h i s  t e s t  example. These barnacles  are uniquely 
qua l i f i ed  fo r  t h i s  purpose. When the  free-swimming larval s t age  f i n a l l y  
commences t o  a t t a c h  i t s e l f  t o  a hos t ,  i t  sec re t e s  CaCQ3 i n t o  the  pores of 
the host  and, i f  the hos t  i s  a f i n e  grained cohesive rock such as a p iece  
of unfinished cement, the s h e l l  becomes anchored t o  the  rock with a 
t enac i ty  equal t o  the cohesiveness of the calcareous s h e l l  of t h e  animal 
and, i n  t h i s  case,  the cohesion of the  hos t  rock. Figure A-14 i l l u s t r a t e s  
a f l a t  piece of unfinished concrete ,  approximately 10 inches wide supporting 
severa l  hundred individual  barnacles .  The barnacles  are round t o  oval ,  
measure 0.3 t o  0.4 cm i n  diameter,  contain a s m a l l  c e n t r a l  p o r t  providing 
access  t o  the  hollow i n t e r i o r ,  and possess  deeply sculptured r idges  
r a d i a t i n g  from the  aper ture .  The r e l i e f  of the barnacle-studded sur face  
var ied  from 0.1 t o  0.15 cm. Although co l l ec t ed  a l i v e  from the t i d a l  zone 
along the Newport Beach j e t t y ,  the  tests were conducted a f t e r  t he  mater ia l  
had been sun-dried for  approximately two months. The f l a t  blocks of 
concrete  were hand emplaced i n  the DWB t e s t  b i n  t o  provide a r e l a t i v e l y  
f l a t  t e s t  sur face  t h a t  w a s  approximately 10 percent barnacle-covered. 
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FIGURE A - 1 3  
YELLOW CRUSTOSE LICHEN COLONY ON A BASALT 

C INDER BOULDER 

I 

' J  
FIGURE A - 1 4  

BARNACLE-STUDDED UNFINISHED CONCRETE 
TEST SURFACE 

A- 2 1  



APPENDIX B 

DESCRIPTION OF FIELD TEST SITES 



f 
J 

APPENDIX B 

CONTENTS 

DESCRIPTIONS OF FIELD TEST SITES 

Kelso Dunes Area 

Terrain Model A Dune Sand 

Pisgah Crater Area 

Terra in  Model B Dry Lake Duricrust  

Te r ra in  Model C Pahoehoe Basalt 

Terrain Model D Aa Basalt 

Ter ra in  Model E Compacted Cinders 

Terrain Model F Desert Pavement 



PAGE TABLE 

B - 1  Location of F i e l d  T e s t  S i t e s .  . . . . . . . . . . . . . . .  B-6 

B-2  Temperatures a t  Sample S i t e  A . . . . . . . . . . . . . . .  B - 8  

B - 3  Explanation fo r  Geologic Map of Pisgah Crater Area. . . . .  B-10 

B - 4  Explanation f o r  Geologic Map of Pisgah Playa Lake Area. . .  B-14 

LIST OF TABI8S 



F IGUW 

B- 1 

B-2 

B-3  

B-4  

B-5 

B-6 

B-7 

B-8 

LIST OF FIGURES 

Soil Model A - Kelso Dune Sand . . . . . . . . . . . 
Geologic Map of Pisgah Crater Area.  . . . . . . . . . . 
Soi l  Model B - Dry Lake Duricrust  . . . . . . . . . . 
Geologic Map of Pisgah Playa Lake Area. . . . . . . 
Soil  Model C - Pahoehoe B a s a l t .  . . . . . . , , . . , . 
S o i l  Model D - Aa B a s a l t .  . . . . . . . . . . , . . . . 
Soil Model E - Compacted Cinders .  . . . . . . . . . . . 
Soil  Model F - Desert Pavement. . e . . 

PAGE 

B-7 

B-9 

B-12  

B - 1 3  

B-17  

B-18  

B - 2 0  

B-21 

B-3 



APPENDIX B 

DESCRIPTIONS OF FIELD TEST SITES 

The field sites were originally recommended to test the range of materials 
capable of being sampled, the operating modes and the mechanical and bio- 
logical effectiveness of JPL and Philco-Ford model soil samplers. 
The sites were selected to represent natural environments having the 
following qualifications: 

(1) Similarity to suspected Martian environments. 

(2) Minimal biological populations and activity. 

(3) Availability of a multiple array of subenvironments. 

( 4 )  Presence of adverse conditions, such as soil dryness 
and low atmospheric humidity, duricrusts and blowing 
sand and dust. 

(5) Proximity to JPL and Philco-Ford laboratories to 
reduce transport requirements for accessory equip- 
ments. 

Pisgah Crater and Kelso Dunes, San Bernardino County, California, offered 
these qualifications within the following subenvironments: 

(1) Dunes. 

(2) Duricrusts. 

(3) Compacted cinders (cf welded tuffs). 
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( 4 )  Natural  d e s e r t  pavements. 

(5) Pahoehoe.and aa-type b a s a l t  flows. 

The loca t ions  of Pisgah Crater and the Kelso Dunes a r e  denoted on the p l o t  
of a por t ion  of Southern Ca l i fo rn ia ,  Figure 2-1  i n  Sect ion 2 .  The s p e c i f i c  
l oca t ions  of the subenvironments t e s t ed  are descr ibed on Table B-1.  The 
ensuing paragraphs w i l l  descr ibe  the general  f i e l d  t e s t  a reas  and the  
s p e c i f i c  tes t  s i t e s  i n  order t o  r e l a t e  these n a t u r a l  d e s e r t  environments 
and the sampled subenvironments t o  p lane tary  environments t ha t  w i l l  some 
day be b io log ica l ly  and geologica l ly  sampled. 

The Pisgah Crater  and Kelso Dunes a reas  l i e  i n  the  Mojave Desert  of 
Southern Ca l i fo rn ia .  The Mojave Desert  i s  the westernmost p a r t  of the  
Basin and Range Province of the Southwestern United S t a t e s  and North- 
eas t e rn  Mexico., This province has been block-faul ted i n t o  an i n t r i c a t e  
s e r i e s  of long narrow ranges separated by aggraded d e s e r t  p l a ins .  Most of 
these  intermontane d e s e r t  p l a ins  are c e n t r i p e t a l l y  drained with playa lakes  
occupying the closed bas in  lows. The test a reas  l i e  near the northern 
border of the Sonoran Desert Sect ion of the Basin and Range Province. I n  
t h i s  sec t ion  most of the ranges a r e  sho r t e r  and l e s s  e leva ted  than i n  the 
Great Basin Section t o  the no r th  and e a s t .  Most of the ranges a r e  composed of 
complexly f au l t ed  blocks of T e r t i a r y  t o  recent  lava flows of a n d e s i t i c  and 
b a s a l t i c  composition. Some ranges c o n s i s t  of T e r t i a r y  cont inenta l  c l a s t i c  
sediments, Mesozoic g r a n i t e ,  Paleozoic s i l i c i f i e d  l imestones and some 
pre-Cambrian metamorphic rocks.  The Ple i s tocene  t o  recent  covering of 
these aggraded d e s e r t  bas ins  a r e  der ived,  therefore ,  from a complex s e r i e s  
of sources.  However, s ince  most of the more recent  sediments veneering 
the  loca l i zed  bas ins  a r e  derived from adjacent  ranges,  t h e i r  content  
r e f l e c t s  l o c a l  source ma te r i a l s .  

Kelso Dunes Area 

The Kelso Dunes a r e  a permanent whaleback dune complex covering more than 
60 square miles .  Preva i l ing  winds a r e  d i r ec t ed  from e i t h e r  due w e s t  o r  
nor theas t  with more constant  winds from the west bu t  s t ronger  winds from 
the nor theas t .  A cons tan t  source of sediments i s  provided by flood s tages  
on the Mojave River which disappears  underground near the  Kelso Dunes 
( see  Figure 2-1) .  

Ter ra in  Model A Dune Sand 

The s p e c i f i c  l oca t ion  chosen t o  represent  So i l  Model A, t yp ica l  dune sand, 
cons is ted  of an i s o l a t e d  p l o t ,  containing 800 square f e e t ,  which l ay  on 
the broad c r e s t  of a r ecen t ly  formed t r ave l ing  dune s p i l l i n g  i n t o  a dry  
wash. The i so l a t ed  p l o t  i s  shown i n  the general  view of Figure B-1 .  The 
sur face  of the p l o t  w a s  c l e a r  of vege ta t ion  but patches of dune grass  and 
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GENERAL VIEW 
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CLOSE U p  VIEW 

FIGURE B - 1 .  SOIL MODEL A - KELSO DUNE SAND 

1 



i s o l a t e d  bushes of catclaw and greasewood grew adjacent  t o  the p l o t .  The 
sur face  sloped evenly e a s t  a t  10' and w a s  wholly covered by e o l i a n  r i p p l e  
marks upon which were superimposed a few recent  t racks  of small mammals 
(fox and pack r a t )  and r e p t i l e s  ( l i z a r d s )  and many d i s t i n c t i v e  t racks  of 
i n s e c t s  ( s t i n k  bugs). S t r u c t u r a l l y  the dune exhib i ted  w e l l  developed 
e o l i a n  topse t  c ros s  bedding wi th  laminae varying i n  thickness  from 1.5 t o  
6.5 mm; the  laminae were accentuated by abundant g ra ins  of black magnetite 
and i lmeni te .  The sur face  of the dune w a s  dry but ,  d e s p i t e  the  f a c t  t h a t  
i t  had not ra ined s ince  e a r l y  August, dampness w a s  encountered a t  depths 
varying from 12.5 t o  20 c m  across  the  dune. The l i n e  of demarcation between 
dry and damp sand was very sharp a t  these  depths.  

I-__ 

I-- Shade 

During the sampling operat ion a t  Kelso Dunes, the  weather w a s  c l e a r ,  the 
humidity low, and the  wind w a s  va r i ab le ,  dominantly wester ly  and souther ly ,  
a t  l e s s  than 8 mph. A i r  and subsurface temperatures were monitored during 
t e s t i n g  as follows i n  Table B-2.  

- 
18.2 0800 26.9 1430 

18.2 0830 26.0 1400 

TABLE B-2 

-- ~ - _ _ _ _ - - -  
I 

: Subsurface, 118 inch deep 
I_- -I __ ___ _. . - 

TEMPERATURES AT SAMPLE SITE A 

25.9 0845 33.0 1445 

Temperature, OC and Time 
Min. Time Max. T i m e  

22.0 1415 1 
__.- --_ - - Subsurface, 2 inches deep I 15.0 0915 

L. - -.. - - - 1  . I---- _ _ _ _ L _ _ .  

A cont ro l  sample was taken a s  a r ep resen ta t ive  sample of the e n t i r e  
i so l a t ed  p l o t  by combining samples from each of the four corners  of the 
p l o t .  
So i l  Model A, Kelso dune sand, appears i n  Appendix D. 

A g r a i n  s i z e  and petrographic  ana lys i s  of t h i s  s tandard sample fo r  

Pisgah Cra te r  Area 

The Pisgah Cra te r  a r ea  contains  the remaining f i v e  t e s t  s i t e s :  d u r i c r u s t ,  
compacted c inders ,  d e s e r t  pavement and pahoehoe and aa b a s a l t  sur faces .  
Pisgah Cra te r  i t s e l f  i s  a cinder  cone. 
by lava flows covering approximately 40 square miles.  The flows and cinder  
cone a r e  post-Pleis tocene i n  age; the former having covered a pre-flow 
playa lake  and tend t o  conform t o  the  P le i s tocene  drainage p a t t e r n s .  The 
lava flows emanated from f i s s u r e s  f lanking the c inder  cone. The order  of 
events  during the  formation of the flow complex w a s  (see Figure B-2 and 
Table B-3): 

The cone i s  completely surrounded 
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FIGURE B-2.  GEOLOGIC MAP OF PISGAIi CRATER AREA 
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EXPLANATION 

S u r f i c i a l  deposi ts  composed of g rave l ly  and 
sandy alluvium (Qal); l o c a l l y  c l a y  and sandy 
playa depos i t s  (Qp) 

lQpb/Qpbcl Basalt flows (Qpb) and b a s a l t i c  c inde r s  (Qpbc). 

1-1 Basaltic c inde r s ,  coarse  t o  f i n e  

Basaltic cinders  and rubble ,  very coarse  t o  
blocky 

[?I Olivine b a s a l t  flows, aa and pahoehoe types. - UNCONFORMITY 

F l  Older gravel  and sand wi th  abundant pre- 
Pisgah b a s a l t  volcanic  cobbles;  l o c a l l y  i n -  
c ludes weakly cemented s i l t  and s i l t y  c l ay .  

SYMBOLS 

M. R.  Sect ion co rne r ,  mound .-....... Contact between deposi ts  
of rocks 

Nvvuv, Major f a u l t  

B. P. or bp Borrow p i t  (gravel) 

- Minor f a u l t  

A- Lava cave 

H Lava tube 

TABLE B-3.  EXPLANATION FOR GEOLOGIC MAP OF PISGAH CRATER AFBA 
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(1) Formation of viscous pahoehoe b a s a l t  flows covering 
the  maximum a rea .  

(2)  Formation of veneer of very v i s c o u s a a  b a s a l t  from 
most a c t i v e  f i s s u r e s .  

(3) Development of the cinder  cone. 

The pahoehoe (smooth, ropy lava)  and a a  (blocky, very rough lava)  t e s t  
s i tes were formed d i r e c t l y  from the cool ing of sur face  flows. The d e s e r t  
pavement s i t e  w a s  l a i d  down a s  a mass of water - la id  b a s a l t  and cinder  peb- 
b l e ,  sand, s i l t  and c l a y  i n  a s m a l l  bas in  surrounded by lava flows. Wind 
l a t e r  exhumed the  pebbles and crea ted  the  pavement mosaic by blowing away 
the  sand- s i l t - c l ay  matr ix  ma te r i a l .  The compacted c inders  were deposi ted 
a t  the toe of the c r a t e r  by g rav i ty  and impact. La ter  wind-blown f i n e  
ma te r i a l s ,  sand t o  c l ay ,  were s i f t e d  onto the upper sur face  and, through 
the ac t ion  of r a i n  water,  caused t o  permeate the porous cinder  mass. The 
du r i c rus t  test s i t e  i s  a p a r t  of the sur face  of a playa lake formed by a 
recent  f a u l t .  The f i n e  playa sediments, dominantly f i n e  sand, s i l t  and 
c l ay  were both wind and water deposi ted.  

Ter ra in  Model B Dry Lake Dur ic rus t  

The d u r i c r u s t  or  evaporated playa lake  i so l a t ed  p l o t ,  containing 1,925 
square f e e t  of sur face  a rea ,  covered an unblemished segment of a recent  
playa formed by water and sediment entrapment aga ins t  lava beds on the  
downthrown s i d e  of a recent  f a u l t .  The d ry  lake  i s  4,500 f e e t  long and 
700 f e e t  wide. The thickness  of playa sediments v a r i e s  from 4 f e e t  a t  the 
nor theas t  corner t o  2.7 f e e t  a t  the southwest corner ;  a t  each corner b a s a l t  
cobbles were encountered a t  these depths .  N o  v i s i b l e  dampness ex i s t ed  t o  
these depths.  The i s o l a t e d  p l o t  and a d e t a i l e d  photograph of the  playa 
sur face  i s  shown on Figure B-3. A geologic map of the sediments and 
igneous rocks surrounding the Pisgah Playa Lake is  denoted on Figure B-4 
and Table B-4. The sur face  of the p l o t  was c l e a r  of vege ta t ion  and 
absolu te ly  l e v e l .  The sur face  is  wholly covered with des i ca t ion  cracks,  
1/16 t o  118 inch wide and up t o  314 inch deep. The cracks produce i r r e g u l a r  
polygons averaging 4 t o  9 inches i n  diameter and 118 inch thick.  While the 
polygons a r e  produced by major cracks,  they o f t e n  conta in  minor cracks 
wi th in  t h e i r  boundaries. Earlier generat ions of polygons a r e  occasional ly  
present  denoted by s l i g h t l y  r a i sed  r idges  where the  former des i ca t ion  
cracks ex i s t ed .  Many of the  cracks were s a n d - s i l t  f i l l e d  and many polygons 
overlay t h i n  lenses  of sandy s i l t .  The polygons themselves were formed 
from an evaporated c l a y - s i l t  c r u s t ,  averaging 1/16 inch i n  thickness ,  which 
w a s  weakly cemented by c a l c i t e .  Cementation, however, was s t rong  enough 
t o  permit s m a l l  polygons t o  maintain t h e i r  s t r u c t u r a l  i n t e g r i t y  when 
removed by a trowel. This cementation a l s o  causes  s m a l l  d u r i c r u s t  f l akes  
t o  e x i s t  i n  almost a l l  mechanically obtained samples. S t ruc tu ra l ly ,  the 
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EXPLANATION 

S u r f i c i a l  depos i t s  of gravel ly  and sandy 
alluvium (Qal); l o c a l l y  c l ay  and sandy 
playa depos i t s  (Qp) . 
Olivine b a s a l t  flows, pahoehoe type. 

Older s u r f i c i a l  depos i t s  derived from older  
deposi ts  of mixed composition; sands and 
gravels ,  l o c a l l y  d i s sec t ed .  

1-1 

I], 
0 UNC ONF ORMITY 

]TI 
Gravel and sand wi th  abundant volcanic 
cobbles ; l o c a l l y  includes weakly cemented 
s i l t  and s i l t y  c l ay .  

UNC ONFORMITY - 
1-1 Sedimentary t u f f ,  limestone and c l a y .  

Volcanic t u f f  and bedded tuffaceous sediments. 

S i l i c i f i e d  limestone. 

ETPC] Bentoni t ic  c l a y  ( h e c t o r i t e )  l o c a l l y  assoc ia ted  
with limestone. 

SYMBOLS 

M .  E .  Sect ion corner ,  mound of e a r t h  ....... Contact between deposi ts  

M. R. Sect ion corner ,  mound of rocks WVWI Major f a u l t  

- Minor f a u l t  

TABLE B-4 .  EXPLANATION FOR GEOLOGIC MAP OF PISGAH PLAYA LAKE AREA 
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depos i t  below the  t h i n  sur face  c r u s t  i s  remarkable uniform. The sand and 
s i l t  content  and the mineral  content  i s  remarkably constant  with depth.  
Only the c a l c i t e  cementing material decreases  with depth; i n  f a c t ,  i t  
appears t o  be concentrated i n  the c r u s t ,  for  a sample a t  a depth of 2 inches 
showed no appreciable  calcite conten t  by X-ray d i f f r a c t i o n  scan. 

A cont ro l  sample w a s  obtained by combining samples from two d iame t r i ca l ly  
opposed corners  of the p lo t .  Two g r a i n  s i z e  analyses  of the standard con- 
t r o l  sample fo r  So i l  Model B, Pisgah Playa Lake d u r i c r u s t ,  appear i n  
Appendix D. One i s  a gross  standard sample, charac te r ized  by a high per-  
centage of "dur ic rus t  f l akes , "  wherein the  c l ay  and s i l t  a r e  bound by 
c a l c i t e  and moisture i n t o  f l akes  which, when s ieved,  appear a s  coarse  t o  
medium grained sand. Many of the samplers co l l ec t ed  mater ia l  of t h i s  
nature .  The o ther  ana lys i s  i n  Appendix D, t r e a t s  the gra in  s i z e  and com- 
pos i t i on  of the cont ro l  sample a f t e r  sonica t ion  t o  d isperse  the  cemented 
c l a y - s i l t  d u r i c r u s t  f l a k e  aggregate.  This l a t te r  ana lys i s  presents  an 
absolu te  p i c t u r e  of the  components of the d u r i c r u s t  s o i l  model. 

Ter ra in  Model C Pahoehoe Basalt 

A pahoehoe b a s a l t  flow t e r r a i n  w a s  chosen a s  a s o i l  model fo r  th ree  
reasons : 

(1) 

(3) 

A r e l a t i v e l y  smooth-surfaced v e s i c u l a r  type of 
b a s a l t  may be a common p lane tary  and lunar  sur face  
ma te r i a l .  

A ves i cu la r  b a s a l t  may be b io log ica l ly  important 
because of a myriad number of shielded microenviron- 
ments offered t o  v i a b l e  organisms and because the  
ind iv idua l  v e s i c l e s  may serve a s  wind-gathered 
organic p a r t i c l e  s inks .  

The chal lenge offered by t h i s  type of mater ia l  
may tax  the  sample ga ther ing  e f f ec t iveness  of 
the samplers being f i e l d  t e s t ed .  

S o i l  Model C r ep resen t s  pahoehoe b a s a l t  - a ves i cu la r  type of lava whose 
lower v i s c o s i t y  permitted hardening i n t o  low, broad, smooth-surfaced (on 
a l a rge  sca l e )  arches (many covering lava tubes having diameters of 10 ' s  
of f e e t )  and corrugated ropy forms. This model cons is ted  of a gen t ly  
s loping (maximum 4 O )  dome of pahoehoe b a s a l t  covering 1,500 square f e e t  
and cracked i n t o  polygons ( i n c i p i e n t  columnar s t r u c t u r e )  averaging 1% - 
2% f e e t  i n  diameter.  The sur face  a l s o  contains  severa l  major j o i n t s  o r  
c losed cracks bounding blocks and exh ib i t i ng  r e l i e f  up to  2 inches.  The 
b a s a l t  sur face  i s  wholly ves i cu la r  with bubble-pi ts  varying i n  s i z e  from 

1 / 2  t o  1/16 inch i n  diameter.  Some small s l abs  of loose ex fo l i a t ed  
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b a s a l t  l i e  on the  surface.  There w a s  v i s i b l e  evidence of sand and s i l t  
s i z e  deb r i s  i n  cracks,  j o i n t s  and many of the l a r g e r  v e s i c l e s .  The i so-  
l a t e d  p l o t  and a view of the  sur face  t ex tu re  i s  shown on Figure B-5. 

During the sampling operat ion conducted on the pahoehoe b a s a l t  model, the  
day w a s  cloudy but  b r igh t  wi th  a s l i g h t  breeze from the  northwest. 
temperatures va r i ed  from 28.7OC t o  31.2OC. A i r  temperatures,  measured 
1 2  inches above the b a s a l t  sur face ,  were between 25.8OC and 26.5OC. 

Surface 

Ter ra in  Model D Aa Basa l t  

The aa-type b a s a l t  flow t e r r a i n  w a s  u t i l i z e d  a s  a s o i l  model fo r  the reasons 
l i s t e d  under pahoehoe b a s a l t  and i n  add i t ion  because the  sur face  area per 
square foo t  of s o i l  sur face  i s  g r e a t l y  magnified a f ford ing  a l a r g e  number 
of shielded microenvironments f o r  v i a b l e  organisms and organic  p a r t i c l e s .  

So i l  Model D c o n s i s t s  of aa  b a s a l t  - a supremely rough, angular ,  blocky 
type of l ava  extruded onto the  sur face  i n  such a remarkably v iscous  s t a t e  
t ha t  the flow maintains a s teep  f r o n t  w a l l  a s  i t  advances across  a sur face  
l i k e  a bul ldozer ,  s p a l l i n g  off  l a rge  blocks of hardened lava.  This f r o n t  
wal l  and the general  surface of the flow f reezes  i n t o  jagged blocks t h a t  
a r e  negot ia ted with g r e a t  d i f f i c u l t y  on foo t .  The rough aa b a s a l t  model, 
contained 700 square f e e t  with approximately 600 square f e e t  covered by aa 
basa l t .  The i s o l a t e d  p l o t  l ay  on the f ron t  of a frozen advancing flow 
covering pre-ex is t ing  pahoehoe b a s a l t  flows. The general  sur face  s lope  w a s  
18O, l o c a l l y  s t eepe r ,  with severa l  small basins  wherein f i n e r  ma te r i a l s  
(sand and s i l t )  have co l l ec t ed .  The i s o l a t e d  p l o t  and a d e t a i l e d  view of 
the block-studded flow sur face  a r e  p ic tured  i n  Figure B-6. The individual  
aa  blocks a r e  f a n t a s t i c a l l y  contor ted,  angular and ves i cu la r  and range from 
coarse gravel  (> 1 inch) t o  2 f e e t  i n  diameter,  hence sur face  r e l i e f  i s  of 
t h i s  magnitude. The e n t i r e  mass is  in te r locked  t o  form a very rough and 
r i g i d  surface.  Since the depos i t  i s  remarkably porous, a g r e a t  dea l  of 
f i n e  wind blown mater ia l  is present  i n  the  in te rb lock  a reas .  

During the sampling operat ion,  which was conducted i n  the morning, the  day 
w a s  c l e a r  and b r igh t  with s l i g h t  wes te r ly  breezes .  A minimum sur face  
temperature of 13.OoC w a s  obtained i n  the  shade; sur face  s u n l i t  tempera- 
t u re s  ranged from 21.0 t o  22.OoC. A i r  temperatures, 5 f e e t  above ground 
l e v e l  var ied  between 21.4OC and 24.8OC. 

Terrain Model E Compacted Cinders 

A welded t u f f  model w a s  o r i g i n a l l y  proposed but t he  welded t u f f s  i n  the 
Pisgah Crater a r e a  a r e  r e s t r i c t e d  t o  the older  T e r t i a r y  volcanics  and a r e ,  
therefore ,  much too indurated and a l t e r e d  t o  a f fo rd  a r ep resen ta t ive  model. 
A compacted cinder  model wi th  a very broad g ra in  s i z e  range w a s  chosen a s  
a sampler-challenging s u b s t i t u t e .  

3 
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GENERAL VIEW 

CLOSE U p  VIEW . 

FXX.JRE B-5 .  SOIL MODEL C - PAHOEHOE BASALT 
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GENERAL VIEW 

CLOSE UP mEW 

FIGURE B-6  . SOIL MODEL D - aa BASALT 
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The loca t ion  chosen t o  r ep resen t  S o i l  Model E, compacted volcanic  c inde r s ,  
w a s  contained i n  an i s o l a t e d  p l o t  of 805 square f e e t  l y i n g  a t  the  base of 
the Pisgah cinder  cone. The i s o l a t e d  p l o t  i s  p i c tu red  i n  Figure B-7. The 
compacted cinder  depos i t  i s  composed of a key-seated matrix of very angular 
oxidized ( red)  and r e l a t i v e l y  unoxidized (black t o  i r r i d e s c e n t )  b a s a l t  
c inders  and volcanic  bombs. 
b l e s  up t o  8 inches i n  diameter t o  coarse  sand (< 2 mm). Both the cinders  
and bombs are composed of low dens i ty ,  highly out-gassed, microcel lular  
b a s a l t  pumice. The depos i t  i s  f a i r l y  homogeneous with depth and w a s  l a i d  
down as the  toe  of a crudely bedded cinder  t a l u s  slope a t  the base of the 
cinder  cone. During i t s  formation i t  w a s  l i b e r a l l y  spr inkled with impacting 
volcanic  bombs. The e n t i r e  depos i t  has been i n j e c t e d  w i t h  windblown and 
water-percolated sand, s i l t  and c lay .  A s m a l l  r av ine  c u t s  the w e s t  edge 
of the i s o l a t e d  p l o t .  Here the depos i t  i s  exposed t o  a depth of 4 f e e t .  
This bank shows t h a t  a crude s t r a t i f i c a t i o n  e x i s t s .  I n  beds 2 t o  8 inches 
th i ck ,  very coarse  grained bombs and c i n c e r s  (1% - 3 inches) graded down- 
wards i n t o  less  coarse cinders  (< 1/2 inch) .  Two holes  were dug t o  depths 
of 3% f e e t  a t  the northwest and southwest corners of t he  p l o t ;  t o  these 
depths no dampness was recorded. 

The cinders  and bombs vary i n  s i z e  from cob- 

During sampling operations,  the weather was calm and cloud cover ranged 
from complete absence t o  almost complete cover. Both su r face  and a i r  t e m -  
peratures  ranged from 24.OoC t o  27.OoC under these condi t ions.  

Terrain Model F Desert Pavement 

The d e s e r t  pavement i s o l a t e d  p l o t  chosen t o  represent  S o i l  Model F consis ted 
of 1500 square f e e t  located i n  a small basin- l ike r e -en t ry  surrounded by 
pahoehoe b a s a l t  flows. The i s o l a t e d  p l o t  i s  pictured i n  Figure B-8.  The 
undisturbed pavement surface was composed of a mosaic of very angular 
o l i v i n e  b a s a l t  pebbles and i s o l a t e d  cobbles. This mosaic covers and pro- 
t e c t s  a s u b s t r a t e  composed of sand, s i l t  and c l ay  s i z e  p a r t i c l e s  a l s o  
containing abundant b a s a l t  pebbles and a few cobbles. The absolute  g r a i n  
s i z e  of the mosaic ranges from 5 inches t o  coarse  sand p a r t i c l e  s i z e s  
(e 2 mm). The range i n  p a r t i c l e  s i z e s  of the s p e c i f i c  model where t e s t i n g  
was accomplished w a s  1.5 inches t o  coarse  sand. The thickness  of the 
deposi t  w a s  18 inches where a concentrat ion of b a s a l t  cobbles w a s  encountered. 
S t r u c t u r a l l y ,  the depos i t  tended t o  be zoned i n t o  the  following l a y e r s  from 
top t o  bottom: 

(1) Surface pavement mosaic averaging < 1 inch i n  
thickness . 

(2)  Very weakly cemented c r u s t  composed of s and- s i l t -  
c l a y  mixture with rare b a s a l t  pebbles and averaging 
3 / 4  inch i n  thickness.  
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GENERAL VIEW 

CLOSE Up V I E W  

FIGURE B - 7 .  SOIL MODEL E - COMPACTED CINDERS 
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GENERAL VIEW 

CLOSE UP VIEW 

FIGURE B-8. SOIL MODEL F - DESERT PAVEMENT 
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(3) Approximately 16 inches of intermixed b a s a l t  pebbles, 
sand, s i l t  and c l ay  with the  number of pebbles 
increas ing  with depth. 

( 4 )  Basal l aye r  of b a s a l t  cobbles below 18 inches.  

The mosaic o r  pavement sur face  a f fo rds  a very adequate p ro tec t ive  sur face  
from wind erosion but i t  has no sur face  i n t e g r i t y  when d is turbed .  

During the  sampling operat ion,  sur face  and a i r  temperatures were monitored. 
The minimum sur face  temperature w a s  measured a t  0815 a t  23.8OC; a maximum 
temperature of 37.5 C was measured a t  11:45. The a i r  temperature, one foot  
above the  ground with a breeze blowing (< 8 mph) va r i ed  from 26.OoC t o  
29.4OC during the  operat ion.  

0 
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The procedures, mater ia l s ,  and equipment employed i n  the  b io log ica l  
e f f ec t iveness  eva lua t ion  of the f i e l d  tes t  samples a r e  descr ibed on the  
following pages. 

The general  system f o r  v i a b i l i t y  ana lys i s  u t i l i z e d  up t o  10.0 grams of 
mixed s o i l  sample weighed d i r e c t l y  from the s torage  b o t t l e  i n t o  a s t e r i l e  
aluminum f o i l  d i sh .  Samples were weighed out  t o  the  nea res t  0.1 gram. 
The sample was placed i n t o  a s t e r i l e  90 m l  d i s t i l l e d  water blank t o  pro- 
vide (approximately) a 10 t o  1 d i l u t i o n  of the s o i l .  Water w a s  added t o  
d i l u t i o n  b o t t l e s  fo r  samples weighing l e s s  than 2.0 grams t o  provide the  
i n i t i a l  10 t o  1 d i l u t i o n .  Tenfold s e r i a l  d i l u t i o n s  were made using 10 m l  
volumes p ipe t t ed  t o  successive 90 m l  d i s t i l l e d  water blanks t o  obta in  3 
s u i t a b l e  consecutive d i l u t i o n s  f o r  p l a t ing .  Three p l a t e s  each of egg 
albumen agar (EAA), s o i l  e x t r a c t  agar (SEA), and yeas t  e x t r a c t  agar (YEA) 
were inoculated a t  each d i l u t i o n .  One-tenth m i l l i l i t e r  of suspension was 
spread on each p l a t e  with a s t e r i l e  bent-glass  spreader (hockey-stick).  
Inverted p l a t e s  were incubated a t  room temperature f o r  from 1 3  t o  24 days 
before the  co lonies  on them were counted. Storage i n  closed corrugated 
paper car tons  maintained the  agar  i n  a s u i t a b l y  moist condi t ion during 
t h i s  incubation. 

Plates were counted using a Quebec colony counter.  To a i d  counting, many 
p l a t e s  were flooded with 0.2% t r iphenyl  te t razol ium chlor ide  thereby 
giving the  r ed  formazan co lor  t o  punctiform c o l o r l e s s  co lonies .  Scratching 
co lonies  with an inocula t idg  needle helped d i f f e r e n t i a t i o n  of b a c t e r i a  and 
actinomycetes. Actinomycete colonies  o f t en  resembled mold co lonies  on 
YEA and o f t en  required microscopic v e r i f i c a t i o n .  

c- 1 
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6.  
s t er i l e  glass  hockey st ick.  

Distribute the inoculum over the surface of the agar with a 

A 

a 4 

C.1 ASSAY PROCEDURE FOR VIABLE PAR‘fICLE CONTENT OF Son 

1.  
water contained in an 8-ounce bottle.  

Place 10 grams of the s o i l  specimen into 90 m l  of sterile 

1 
i I 
1 2 ,  Shake the bottle 25 times to disperse contents, 1 

1 

I 7. Incubate the cultures inverted at  room temperature for a t  I l east  10 days. 

c-2 



Materials used: 

" ?  

1. SEA ( s o i l  e x t r a c t  aga r ) .  
of s o i l  t o  1.5 l i ters  of water. Autoclave fo r  30 minutes a t  
121%. Cool and f i l t e r  the  material through a Buchner funnel.  
Add 20 g of Difco Bacto-agar (Difco c e r t i f i e d ) ,  0.5 g of d ibas i c  
potassium phosphate, 0.1 g of dextrose,  t o  1 li ter  of the  s o i l  
e x t r a c t .  Mix and autoclave a t  121OC f o r  20 minutes. A s o i l  
specimen from the  Philco-Ford Newport Beach site w a s  used t o  
prepare s o i l  e x t r a c t  agar (SEA) f o r  t he  preliminary labora tory  
a n a l y s i s .  The SEA f o r  eva lua t ion  of f i e l d  test specimens used 
an  e x t r a c t  of JPL No. 76-2, a Mojave d e s e r t  sand-gravel m i x  
containing some ca l i che .  

Prepare a s o i l  e x t r a c t  by adding 1 kg 

2 .  EAA (egg albumen aga r ) .  Prepare egg-albumen so lu t ion  by d isso lv ing  
0.25 mg of egg albumen (Difco c e r t i f i e d )  i n  10 m l  of 0.1 Normal 
sodium hydroxide. To the  egg-albumen so lu t ion ,  placed i n  a 
1500-ml f l a s k ,  add 15 g Difco Bacto-agar (Difco c e r t i f i e d ) ,  1.0 g 
dextrose,  0.5 g d ibas i c  potassium phosphate, and 0.2 g of magne- 
sium s u l f a t e  heptahydrate.  
a c i d  and autoclave a t  121OC f o r  20 minutes. 

Adjust pH t o  6.8 using hydrochlor ic  

3 .  YEA (yeast  e x t r a c t  agar ) .  To 15 g of Difco Bacto-agar (Difco 
c e r t i f i e d )  i n  a 1500-ml f l a s k ,  add 1.0 g Yeast Ex t rac t  (Difco 
c e r t i f i e d ) ,  1.0 g dextrose,  0.5 g potassium n i t r a t e ,  1.0 g 
d ibas i c  potassium phosphate, 0.1 g calcium ch lo r ide ,  0.1 g 
sodium ch lo r ide ,  and 0.01 g f e r r i c  ch lo r ide .  Mix and autoclave 
a t  121'~ f o r  20 minutes.  

4 .  Ster i le  disposable  p l a s t i c  p e t r i  d i shes .  

. .  i 
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C.2 ASSAY PROCEDURE FOR CARBON CONTENT OF SOIL 

sample into the bottom of the Allison reaction 

8. Remove and weigh the CO collection (absorption) bulb. The 
increase in weight is cause 3 by carbonates in the sample. . 

~ ~~~ ~~~ -~ 

10, Add 1 g of K2Cri07 to the material in the reaction vessel 
and then promptly reattach the reaction vessel to the analysis 

t 
' I  
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Materials used: 

1. Mikhabite, a carbon dioxide absorbent (The Frederick G .  Smith 
C o .  , Columbus , Ohio) . 

2. Potassium Iodide so lu t ion ,  d i s so lve  100 g of K I  i n  100 m l  of water. 

3 .  Saturated silver s u l f a t e  s o l u t i o n .  

4 .  Anhydrone (anhydrous magnesium perchlorate)  . 
5. Granular z inc ,  30-mesh. 

6. S u l f u r i c  a c i d ,  concentrated.  

7 .  Potassium dichromate (K2Cr207). 

8. Carbonates d iges t ion  a c i d .  Dissolve 57 m l  of concentrated s u l -  
f u r i c  a c i d  and 92 g of ferrous s u l f a t e  heptahydrate i n  600 m l  of 
water. Cool and then d i l u t e  t o  1000 m l .  This s o l u t i o n  i s  
approximately 2 Normal s u l f u r i c  a c i d  and contains  5% of f e r rous  
s u l f a t e  as an ant ioxidant .  Keep w e l l  s toppered. 

9.  Organic carbon d iges t ion  a c i d .  Dissolve 400 m l  of 85% phosphoric 
a c i d  ( H 3 P 0 4 )  i n  600 m l  of concentrated s u l f u r i c  ac id .  
stoppered. 

Keep w e l l  

E qu i pme n t used : 

1. A modification of the  Al l i son  wet-combustion a n a l y s i s  system i n  
which t h e  oppor tun i t i e s  f o r  leaks and l o s s  of sample are reduced. 
This  system i s  described by Al l i son  (1960, 1965). 
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Weigh o u t  5 g of the s o i l  t o  be assayed f o r  alpha- 
amino n i t rogen ,  Place t h i s  s o i l  i n  a 125-1111 f l a s k  compati 

. b l e  with t h e  Liebin condenser. 

I 
Wash hydro lys is  res idue  with small  por t ions  of  d i s -  

I 
t i l l e d  water. Keep f i l t r a t e  volume l e s s  than 60 m l .  I 

T i t r a t e  the  . d i s t i l l a t e  wi th  0.10 normal s u l f u r i c  ac id  
t o  a grey-pink endpoint. 
t o  1-4 milligrams of alpha-amino n i t rogen  i n  the  hydro- 
l y s a t e  a l i q u o t  or  5.6 mill igrams per  gram of s o i l  
assayed. A 

One m l  of t h i s  ac id  i s  equiva len t  

1 
1 Transfer hvdrolvsate t o  a 200-ml heaker . 1 

ormal sodium hydroxide, then a d j u s t  pH t o  6.5 t o  6.9 by 
d d i t i o n  of  0.5 Normal sodium hydroxide. Avoid producing 

e r  5 m l  of the  hydrolysate of the  hydrolysate 
d i s t i l l a t i o n  f l a sk .  

, 

Pass steam through the  steam 
d i s t i l l a t i o n  apparatus.  I 

Adjust d i s t i l l a t i o n  r a t e  t o  7 
t o  8 m l  per minute. 

denser so t h a t  t he  d i s t i l l a t e  
temperature i s  a t  o r  below 22OC. 

l i n g  water bath f o r  20 minutes 

phosphate-borate bu f fe r  and 1 m l  of 5 normal sodium 
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Materials used: 

1. Phosphate-borate bu f fe r ,  pH 11.2.  Dissolve 100 g of Na3P04.12H 0 
and 25 g of Na2B407.10H20 i n  900 m l  of water. D i lu t e  t o  1 lite$. 

2. Boric a c i d  ind ica to r  so lu t ion .  
about 700 m l  of ho t  water, and t r a n s f e r  the  cooled s o l u h o n  t o  a 
l - l i t e r  volumetric f l a s k  conta in ing  200 m l  of e thanol  and 20 m l  
of mixed ind ica to r  so lu t ion  prepared by d i s so lv ing  0,330 g of 
brom c r e s o l  green and 0.165 g of methyl r e d  i n  500 m l  of e thanol .  
After  mixing the  conten ts  of the  f l a s k ,  add approximately 0.05 
Normal sodium hydroxide cau t ious ly  u n t i l  a co lo r  change from pink 
t o  p a l e  green i s  j u s t  de t ec t ab le  when 1 m l  of the  so lu t ion  i s  
t r e a t e d  with 1 m l  of water. Then d i l u t e  the  so lu t ion  t o  volume 
with water . 

Dissolve 20 g of pure H BO3 i n  

3 .  n-Oc t y l  a lcohol  

4 .  S u l f u r i c  a c i d  

5.  Hydrochloric a c i d  

6.  S u l f u r i c  a c i d  

Equipment used: 

1. Steam d i s t i l l a t i o n  apparatus  

2 .  Refluxing apparatus  

3 ,  Microburette.  
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Materials used: 

1. DABA (3, 5-Diaminobenzoic a c i d  dihydrochloricie , M. W .  225.08) , 
Aldrich Chemical Company, Inc  . , Milwaukee , Wisconsin 

Puriss. grade (Aldrich No. 11,383-2) 

P r a c t i c a l  grade* (Aldrich No, D 1282-1) 

2 ,  Hydrochloric a c i d ,  10 Normal, f luorometr ic  grade , Hartman-Leddon 
Co. , Philadelphia  , Pennsylvania. 

3. Hydrochloric a c i d ,  4 Normal, f luorometr ic  grade.  Dissolve 40 m l  
of 10 Normal f luorometr ic  grade hydrochlor ic  a c i d  i n  u l t r a p u r e  
water and d i l u t e  t o  100 m l .  

4 .  Ultrapure water Hartman-Leddon Co. , Philadelphia  , Pennsylvania. 

5. Perchlor ic  a c i d ,  10 Normal, f luorometr ic  grade,Hartman-Leddon C O . ,  
Ph i lade lphia ,  Pennsylvania. 

6 .  Perch lo r i c  a c i d ,  4 normal. Prepare i n  a manner analogous t o  t h a t  
f o r  4 Normal HC1. 

7 .  DNA, ex-Herring sperm, grade A, Calbiochem, Los Angeles. 

8 .  DOR (deoxyribose) , Aldrich Chemical Company, Inc  . , Milwaukee, 
Wisconsin . 

Equipment used: 

1. Spectrophotofluorometer, Aminco-Bowman wi th  s tandard fuzed-quartz 
cuve t t e s  and Aminco-Bowman X-Y recorder .  

2 .  Centr i fuge,  I n t e r n a t i o n a l  Equipment Company, Model 5. 

JThis  ma te r i a l  must be p u r i f i e d  by preparing f i r s t  a 1 Molar s o l u t i o n ,  
adding a c t i v a t e d  charcoa l  (U.S.P. /Merck) , shaking, s t o r i n g  overnight  a t  
4OC, and f i l t e r i n g  t o  remove the  charcoal .  
straw-yellow. 

The p u r i f i e d  material i s  
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APPENDIX D 

SOIL PARTICLE SIZE DISTRIBUTION ANALYSIS 
AND MINERALOGICAL COMPOSITION 

The subjec t  of s o i l  ana lys i s  f o r  p a r t i c l e  s i z e  d i s t r i b u t i o n  and mineral- 
ogical  composition i s  comprehensive enough t o  warrant some spec ia l  treat- 
ment. For t h i s  reason and t o  maintain c l a r i t y  i n  the  t e x t  of the  body of 
t h i s  r epor t ,  t h i s  subjec t  i s  discussed independently i n  t h i s  appendix. 

D . l  SOIL ANALYSIS METHODOLOGY 

This sec t ion  reviews the  procedures and methods used t o  process t h e  s o i l  
sample and t o  analyze the  da ta .  I n  general ,  the  i n t e n t  w a s  t o  compare the  
samples co l l ec t ed  by t h e  s o i l  samplers a t  the  f i e l d  t e s t  s i t e s  t o  a con- 
t r o l  sample obtained from each test s i te .  Obviously, no con t ro l  samples 
were taken a t  e i t h e r  of the  b a s a l t  test  s i t e s .  Since most of the s o i l  
samplers were sur face  o r  near subsurface samplers, the con t ro l  w a s  co l -  
l ec t ed  over an area t o  a shallow depth of one t o  two inches.  Care must 
be exercised i n  obtaining these samples t o  ensure t h a t  a r ep resen ta t ive  
sample i s  obtained and t h a t  it i s  l a r g e  enough so t h a t  i t  conta ins  a 
s t a t i s t i c a l l y  r ep resen ta t ive  populat ion of p a r t i c l e  s i z e s .  For example, 
the  l a rge r  the  maximum s i z e  p a r t i c l e s  t h a t  a r e  contained i n  the  sample, 
the  l a r g e r  the  con t ro l  sample must be t o  ensure t h a t  the  grave l  s i z e  d i s -  
t r i b u t i o n  i s  r ep resen ta t ive .  

D . 1 . 1  SIEVING PROCEDURE 

The f i r s t  s t e p  i n  processing these  samples t o  determine the  p a r t i c l e  s i z e  
d i s t r i b u t i o n  i s  t o  separa te  the  s o i l  i n t o  c u t s  of f i n i t e  s i z e  ranges.  
The very l a rge  grave l  s i z e  material above one cent imeter  i n  diameter were 
removed by hand and separated i n t o  var ious  c u t s  by measurement. 
ma te r i a l  below one cent imeter  w a s  separated by s ieving.  

A l l  
Coarse s ieves  
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were used t o  sepa ra t e  the  p a r t i c l e s  between two m i l l i m e t e r s  and one 
centimeter i n  diameter. The openings of these screens decreased from 
10 m i l l i m e t e r s  i n  2 m i l l i m e t e r  i n t e r v a l s .  From 2 m i l l i m e t e r s  on down, t h e  
screen mesh s i z e  decreased by a f a c t o r  of two down t o  a mesh opening of 
63 microns. A 44 micron screen w a s  t he  f i n e s t  mesh screen used. 

After  s epa ra t ing  the sample i n t o  c u t s  f o r  t he  s i z e  ranges mentioned above, 
these c u t s  were weighed from which the  percentages f i n e r  could be cal-  
cu la t ed .  This da t a  w a s  then p l o t t e d  on log-probabi l i ty  graph paper. Any 
ex t r apo la t ion  o r  smoothing of the  da t a  w a s  performed i n  these p l o t s .  
t hese  p l o t s ,  d i s t r i b u t i o n  curves as  a funct ion of p a r t i c l e  s i z e  were derived 
using a method given by R.  A.  Bagnold i n  “The Physics of Blown Sand and 
Desert Dunes.” 
l a t e r  i n  t h i s  s e c t i o n .  The d i s t r i b u t i o n  curves obtained i n  t h i s  manner 
f o r  the c o n t r o l  samples are given i n  Sect ion 2 of t h i s  appendix and those 
obtained f o r  the s o i l  samplers are given i n  Sect ion 3 of t h i s  appendix. 
Only those samples of 10 grams o r  more i n  s i z e  were subjected t o  t h i s  type 
of a n a l y s i s .  These d i s t r i b u t i o n s  w e r e  then compared t o  d e t e c t  the charac- 
ter of the  changes, i f  any, t h a t  the  sampler may have made i n  the  c o l l e c t e d  
sample f o r  a p a r t i c u l a r  test s i te .  

Using 

This method as appl ied  here  i s  described i n  g rea t e r  d e t a i l  

The r e s u l t s  of t h i s  a n a l y s i s  i s ,  i n  many ins t ances ,  q u a l i t a t i v e  r a t h e r  than 
q u a n t i t a t i v e .  Many repeated runs would be required t o  e s t a b l i s h  the  
q u a n t i t a t i v e  r e l i a b i l i t y  of t h i s  type of da ta ;  however, i n  s eve ra l  cases 
i t  i s  f e l t  t h a t  the  c h a r a c t e r i s t i c s  of t he  sampler i n  acqu i r ing  a s o i l  
sample can be i d e n t i f i e d  with reasonable r e l i a b i l i t y .  

D .1.2 CLAY ANALYSIS PROCEDURE 

I n  s o i l ,  p a r t i c u l a r  minerals  tend t o  occur wi th in  defined s i z e  ranges 
(Whitt ig,  1965) .  This tendency f o r  s p e c i f i c  c o l l o i d a l  minerals t o  con- 
c e n t r a t e  wi th in  s p e c i f i c  s i z e  f r a c t i o n s  i s  the  n e t  r e s u l t  of t h e i r  resis- 
tance t o  weathering and the  i n t e n s i t y  of the  weathering they experience.  
The more r e s i s t a n t  minerals ,  such as montmoril lonite,  p e r s i s t  i n  the  f i n e r  
c l a y  f r ac t ions  whereas the  c r y s t a l  s t r u c t u r e  and composition of t he  less 
r e s i s t a n t  minerals ,  such as f e ldspa r s  and mica, are destroyed before  
weathering reduces them t o  p a r t i c l e s  of s i z e  t y p i c a l  of c l a y .  For t h i s  
reason, a mineralogical a n a l y s i s  of a c l a y - s i l t  mixture o f t e n  gives a good, 
though rough, estimate of the d i s t r i b u t i o n  of p a r t i c l e  s i z e s  between those 
c h a r a c t e r i s t i c  of c l a y  and those c h a r a c t e r i s t i c  of s i l t .  Both mineralogical  
and sedimentation analyses  were employed i n  t h i s  i nves t iga t ion .  Not a l l  
specimens, however, were subjected t o  both methods of a n a l y s i s .  The pro- 
cedure used i n  the c l a y  sedimentation a n a l y s i s  i s  given i n  Table D - 1 .  
This procedure w a s  used i n  the  preliminary laboratory work preceding the  
a n a l y s i s  of t he  f i e l d  test samples on Pisgah s o i l  samples P1, P2, and P3 
t o  check out  the procedure. The r e s u l t s  of t h i s  preliminary work are 
discussed i n  the  following paragraphs. 

” ’I 
,! 
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TABLE D - 1  

4 .  Transfer  the  dispersed s o i l  suspension 
t o  a flat-bottomed, polycarbonate, 250 m l  
c en t r i fuge  b o t t l e .  Add enough p u r i f i e d  
water t o  b r ing  the meniscus t o  9 . 3  cm 
from the  outs ide  bottom of the  b o t t l e .  

1 

ASSAY PROCEDURE FOR CLAY"< GONTENT OF FOIL 

7. Repeat s t eps  4 ,  5, and 6 u n t i l  supernatant  c l a y  
suspension is  no longer tu rb id .  

1, Weigh out  10 g of the s o i l  t o  be 
assayed f o r  c lay  conten t .  

I 

Dry and weigh sediment. 
(SILT-SAND) , 

~ ~ ~~~ ~ 

2 .  Disperse t h i s  s o i l  sample i n  95 m l  
of pur i f  i e d  water . 

I 

9. Centr i fuge c l a y  suspension 
a t  2000 rpm for  10 minutes 
i n  the  same c e n t r i f u g e r  

3 .  Sonicate  t h i s  d i spers ion  a t  10 kc 
a t  the  maximum power input  i n  the  
Raytheon Model DFlOl sonica tor  cup 

I O .  Dry and weigh sediment 
(CLAY) 

L (sonic o s c i l l a t o r )  f o r  5 minutes. I 
1 

11. Disgard clear 
supernate.  

/ 

I I 

.- 

W o n s i s t s  of p a r t i c l e s  smaller than 2 microns* 
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The sedimentation ana lys i s  used employed a procedure s u i t a b l e  fo r  pre-  
par ing c l a y  specimens f o r  X-ray d i f f r a c t i o n  s t u d i e s .  This  s tandard method 
(Whittig, 1965) sepa ra t e s  a s o i l  i n t o  c l a y  and a s i l t - s a n d  f r a c t i o n  by 
c e n t r i f u g a l  sedimentation. 
pretreatments  (Kunze, 1965) of  the s o i l  specimen wi th  a c i d ,  hydrogen 
peroxide , and sodium d i t h i o n i t e  t o  remove carbonates  , organic ma t t e r ,  and 
i r o n  oxides which cement c l a y  p a r t i c l e s  t o  s i l t  and sand p a r t i c l e s  and t o  
each o the r .  
ch lo r ide  s o l u t i o n  t o  prevent aggregat ion of the  c l a y  by d iva len t  ions  
normally present  i n  the  s o i l .  

Because of t h i s  cementation, s p e c i f i c  procedures are requi red  t o  ensure 
d ispers ion  of the  c l a y  p a r t i c l e s  before  sedimentation a n a l y s i s .  Among the 
Pisgah s o i l s  P l y  P2,  and P3, discussed i n  Sec t ion  5.1.1 of t h i s  r e p o r t ,  
less than 3% of the  ind iv idua l  specimens passed through the  44-micron 
s i e v e ,  y e t  some of these  s o i l s  contained upwards of 8"/, c l a y .  

The s tandard methods a l s o  usua l ly  involve 

Moreover, the  c l a y  i s  usua l ly  suspended i n  sa tu ra t ed  sodium 

Recently,  Edwards and Bremner (1967) repor ted  the  use of sonic  v i b r a t i o n  
i n  s o i l  ana lys i s  t o  d isperse  c l a y  p a r t i c l e s ,  thereby obvia t ing  the  need for  
the  pretreatments  or the  sodium ch lo r ide  suspension medium. These inves- 
t i g a t o r s  claim t h a t  many of the  a r t i f a c t s  c h a r a c t e r i s t i c  of the  s tandard 
methods a r e  e l iminated by sonic d ispers ion .  However, the  problems asso-  
c i a t e d  with the  c e n t r i f u g a t i o n ,  such as sharpness of separa t ion  a t  a 
p a r t i c u l a r  p a r t i c l e  s i ze  are r e t a i n e d .  

The method used i n  the  present  i nves t iga t ion  f o r  d i spers ing  c l a y  was based 
on Edwards' and Bremner's r e s u l t s .  However, i t  used a more powerful, 250- 
w a t t  r a t h e r  than 60-wattY Raytheon Model DFlOl sonic  o s c i l l a t o r  ( sonica tor )  
and the frequency w a s  10 kc r a t h e r  than 9 kc .  Because of these  d i f f e rences ,  
the  e f f e c t  of sonic  treatment t i m e  on the  specimen w a s  measured. 

Equivalent por t ions  of the  d u r i c r u s t  c o n t r o l  specimen were sonicated i n  
approximately 45 m l  of water f o r  s eve ra l  d i f f e r e n t  per iods of t i m e .  The 
suspensions were s to red  i n  100 m l  graduated cy l inde r s .  The appearance of 
the  suspensions a f t e r  8 days of s torage  are described i n  the  t a b l e .  After  
15 days of t h i s  s torage ,  the  water above the  sediment w a s  c l e a r .  A t  the  
f i f t e e n t h  day d i s c r e t e  a l g a l  co lonies  populated on the  sur face  of the  
sediment i n  both specimens which received no son ica t ion .  On the  twenty- 
f i r s t  day the  sur faces  of these  sediments were covered wi th  a l g a e .  N o  
a l g a l  co lonies  were seen i n  the  sonicated specimens. Although Edwards 
and Bremner found no tendency of the  sonic  dispersed c l a y  t o  f l o c c u l a t e  
during a 9 day quiescent  s torage  per iod,  Table D-2 c l e a r l y  shows t h a t  t he  
more in t ense  treatment does induce c l a y  f loccu la t ion .  On the  b a s i s  of the  
r e s u l t s  shown i n  Table D - 1 ,  5 minutes of sonica t ion  appears t o  be optimum 
f o r  t h i s  procedure. 
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TABLE 0-2 

EFFECT OF SONICATION ON SOIL SUSPENSIONS 

1 

r------ 
S onica t ion  
Minutes 

!- 

i :I r e p l i c a t e s  

i 25 

I 

Location and Appearance of Zone, m l  markings 

Clear Fa in t  I 1 Haze Sediment F locc Turbidi ty  Haze 
- 

f 

0-3 I :1 3-45 1 

D 1.3 MINERALOGICAL COMPOSITION PROCEDURES 

This  s ec t ion  presents  the mineralogical  composition analyses  of the con t ro l  
samples and descr ibes  the  methods of der iv ing  these compositional analyses .  
The composition of the pahoehoe- and aa-type b a s a l t s  w e r e  derived from 
petrographic analyses  of th in-sec t ions  c u t  from pahoehoe flow fragments 
and observed under a petrographic microscope. 
s i z e  gra ins  w a s  determined by means of a petrographic microscope but  the  
percentage of cons t i t uen t s  w a s  counted by using a 15 power binocular 
microscope and a s tandard sedimentary p a r t i c l e  counting g r id .  S i l t  s i z e  
p a r t i c l e s  were i d e n t i f i e d  by means of c o r r e l a t i o n  with the  composition of 
sand p a r t i c l e s  and by X-ray d i f f r a c t i o n  analyses  and the  percentage of 
cons t i t uen t s  es t imated beneath a 45 power binocular microscope using a 
counting g r id .  
t i o n  fo r  c lay-s ize  p a r t i c l e s  w a s  determined by X-ray d i f f r a c t i o n  scans of  
the  separated c l ays .  

The composition of the  sand- 

The mineral  composition and cons t i t uen t  percentage popula- 

D .1.4 PARTICLF: SIZE DISTRIBUTION ANALYSIS PROCEDURE 

The following discussion i s  devoted t o  explaining the  method used t o  der ive 
the  d i s t r i b u t i o n  curves used i n  the  eva lua t ion  of the sampler 's  performance. 



This  method u t i l i z e s  a graphica l  d i sp l ay  of the  da ta  from which t rends 
and t y p i c a l  c h a r a c t e r i s t i c s  may be descr ibed i n  a systematic  manner. 

It i s  w e l l  known t h a t  many th ings  can be descr ibed wi th  some s o r t  of 
d i s t r i b u t i o n  curve.  
and other  n a t u r a l  occurr ing phenomena such as meteor i te  d i s t r i b u t i o n  by 
s i z e ,  t h e  frequency of occurrence of chance events ,  e t c .  This  curve is  
shown q u a l i t a t i v e l y  i n  Figure D - 1  f o r  t h ree  d i f f e r e n t  ways of presenta-  
t i o n  where the  percentage of the  population a t  any given gra in  s i z e  is 
given i n  terms of weight,  
logarithm of the  gra in  s i z e  i s  used as the  absc i s sa  as shown i n  p a r t  B 
of Figure D - 1 .  When t h i s  curve i s  p l o t t e d  a g a i n s t  g ra in  s i z e  as shown i n  
p a r t  A of t h i s  f i g u r e ,  it i s  seen t h a t  a skewed d i s t r i b u t i o n  a c t u a l l y  
e x i s t s  such t h a t  t he re  i s  usua l ly  a broader d i s t r i b u t i o n  by weight i n  the  
coarse  g ra in  material than i n  the  f i n e  gra in  material. This i s  probably 
a r e s u l t  of the  cube l a w  which says t h a t  the  volume of the  p a r t i c l e  and 
hence the  weight increases  or  decreases as the  cube of the  diameter.  
Bagnold found i n  h i s  work with dune sands t h a t  f u r t h e r  s impl i f i ca t ion  of 
t h e  shape of t h i s  curve could be achieved by p l o t t i n g  the  logarithm of 
the  percentage of the  sample by weight a g a i n s t  the  logarithm of  the  p a r t i c l e  
s i z e  as shown i n  p a r t  c of Figure D-1 .  

This  has been found t o  be t y p i c a l l y  t r u e  of s o i l s  

Most s o i l s  resemble a normal d i s t r i b u t i o n  i f  the  

I n  general  t h i s  w i l l  al low the  curve on each s i d e  of the  peak t o  be f i t t e d  
wi th  a s t r a i g h t  l i n e .  The s lopes of these  l i n e s  are the  same only i f  the  
curve is symmetrical. The f e a t u r e  of t h i s  p lo t  which can be u t i l i z e d  t o  
advantage i s  t h a t  i t  provides a systematic means of de t ec t ing  t rends  and 
ex t r apo la t ing  the  experimental  da ta  where needed. It i s  a l s o  easier t o  
descr ibe a complex mixture as a combination of s i m p l e  d i s t r i b u t i o n s  from 
which the  percentage of a p a r t i c u l a r  d i s t r i b u t i o n  e x i s t i n g  i n  the  the  t o t a l  
sample can be determined; i .e. ,  the  r e l a t i v e  percentage of sand s i z e  
material composed t o  s i l t  or  gravel  s i z e  material. This w i l l  be explained 
more f u l l y  subsequently.  

From the  d i s t r i b u t i o n  curve the  percent f i n e r  curve may be der ived by 
i n t e g r a t i o n  a s  shown i n  Figure D-2. The area under the  curve i n  p a r t  A of 
the  f i g u r e  must be equal  t o  100 percent  s ince  t h i s  r ep resen t s  the  t o t a l  
sample. I f  t he  d i s t r i b u t i o n  curve i s  symmetrical the  peak of the  d i s t r i -  
but ion curve i s  the  mean g ra in  s i z e  and 50 percent of t he  material by 
weight i s  f i n e r  than this  s i z e .  The d i s t r i b u t i o n  curve could be obtained 
d i r e c t l y  from the  experimental  da ta  and i s  f requent ly  p l o t t e d  as a histogram 
as shown by the  dot ted  l i n e s  i n  p a r t  A of Figure D - 2 .  A l t e rna t ive ly ,  the  
percentage f i n e r  o r  summation curve can a l s o  be computed d i r e c t l y  from the  
experimental  da t a .  It w a s  our experience t h a t  b e t t e r  r e s u l t s  are obtained 
by p l o t t i n g  the  percent  f i n e r  curve on logari thmic p robab i l i t y  graph paper 
and der iv ing  the  d i s t r i b u t i o n  curve from t h i s  p l o t .  Any smoothing of t he  
curve through the  da ta  t h a t  may be necessary can be more e a s i l y  accomplished 
on t h i s  p l o t  and w i l l  in t roduce less e r r o r s .  Also, where there  are only a 
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few data  poin ts  , intermediate  values  can be more sys temat ica l ly  se l ec t ed .  
Mathematically the  o rd ina te  of the  d i s t r i b u t i o n  curve i s  the  de r iva t ive  o r  
the  s lope  of the  percent  f i n e r  curve.  This can be expressed as 

“1 

From t h i s  equat ion it i s  seen t h a t  some convenient particle s i z e  r a t i o  can 
be se l ec t ed  t o  provide the  r e q u i s i t e  po in t s  t o  cons t ruc t  a d i s t r i b u t i o n  
curve.  It i s  noted here  t h a t  the  value of N ca l cu la t ed  i n  t h i s  manner i s  
not  the  a c t u a l  percentage by weight; however, i t  is  d i r e c t l y  propor t iona l  
t o  i t .  Because of the  l a rge  amount of data t h a t  were processed i n  a r a t h e r  
l imi t ed  t i m e ,  these  p l o t s  were used d i r e c t l y  r a t h e r  than being r e c t i f i e d  
t o  a c t u a l  percentages.  A s  long as these  curves are used cons i s t en t ly  i n  
t h i s  manner the  same r e s u l t s  are obtained and d i r e c t  comparisons can 
legi tzmately be made. 
i s  requi red  i n  s e l e c t i n g  the  appropr ia te  p a r t i c l e  s i z e  r a t i o  d2/dl .  
too small  a r a t i o  i s  used the  accuracy with which the  percent f i n e r  curve 
can be read approaches t h a t  of the  c a l c u l a t i o n  and e r r a t i c  r e s u l t s  are 
obtained. I f  t he  r a t i o  i s  too l a rge  f n s u f f i c i e n t  po in ts  are obtained t o  
i d e n t i f y  the  shape of the  d i s t r i b u t i o n  curve.  

It w a s  found t h a t  c a r e  and some exe rc i se  of judgment 
If 

In  order t o  check the r e s u l t s ,  a f t e r  the  d i s t r i b u t i o n  curve and the  sub- 
d i s t r i b u t i o n s  were derived these  curves were in t eg ra t ed  graphica l ly  t o  
produce a percentage f i n e r  or  summation curve. This derived percentage 
f i n e r  curve w a s  then compared aga ins t  the  o r ig ina l  experimental da ta .  
Surpr i s ing ly  good agreement w a s  achieved i n  these  checks. The app l i ca t ion  
of t h i s  a n a l y s i s  method i s  i l l u s t r a t e d  i n  Sect ion D . 2 . 1  i n  which the 
p a r t i c l e  s i z e  d i s t r i b u t i o n s  f o r  the f i e l d  t e s t  con t ro l  samples are 
discussed. 

A t  t h i s  po in t  i t  i s  p e r t i n e n t  t o  review the  c h a r a c t e r i s t i c s  of a s o i l  sample 
which can be i d e n t i f i e d  from these  curves. I f  a summation curve i s  a 
s t r a i g h t  l i n e  on conventional p robab i l i t y  paper the  d i s t r i b u t i o n  i s  a 
normal or  Gaussian d i s t r i b u t i o n  with a peak a t  t h e  same p a r t i c l e  s i z e  as 
the 50 percent  po in t .  The s lope of the l i n e  i s  the  standard dev ia t ion  of 
the  sample. Thus, the  f l a t t e r  the s lope  the  lower the devia t ion  and the  
narrower i s  the  spread of p a r t i c l e  s i z e s  contained i n  the  sample. Con- 
ve r se ly ,  the  s teeper  the  s lope  the broader i s  the d i s t r i b u t i o n  of p a r t i c l e  
s i z e s .  A s t r a i g h t  l i n e  on the logari thmic-probabi l i ty  paper r ep resen t s  a 
skewed d i s t r i b u t i o n .  
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The presence of more than one simple d i s t r i b u t i o n  is  indica ted  by a sharp 
knee or  change i n  s lope occurr ing between two r e l a t i v e l y  s t r a i g h t  segments 
of the summation curve. These are more e a s i l y  i d e n t i 3 e d  on the  d i s t r i b u -  
t i o n  curve as indica ted  by the  presence of more than one peak. 
cases two d i s t i n c t  peaks may not  exis t .  The presence of two or  more d i s -  
t r i b u t i o n  populations is  usua l ly  ind ica ted  i f  a hump or  bulge occurs on a 
limb of the  d i s t r i b u t i o n  curve. Another f ea tu re  observed is  t h a t  i f  a 
por t ion  of the sample a t  e i t h e r  end of the  d i s t r i b u t i o n  i s  discarded and 
the  d i s t r i b u t i o n  is  determined fo r  the  remaining sample, the  general  shape 
of the curve fo r  the  remaining por t ion  i s  preserved although the  absolute  
magnitude of percentages change causing the  curve t o  be displaced or  
s h i f t e d  v e r t i c a l l y ,  

I n  some 

Knowing the  c h a r a c t e r i s t i c s  of these curves, it i s  possible  t o  analyze a 
complex d i s t r i b u t i o n  and t o  synthesize the  simple subdis t r ibu t ions  and 
percentages of these which are required t o  produce the  ove ra l l  d i s t r i b u -  
t i o n .  Figure D - 3  i l l u s t r a t e s  the s t eps  which are followed i n  t h i s  ana lys i s .  
The d is t rubut ion  curve f o r  the complex sample i s  shown as a s o l i d  l i n e  i n  
p a r t  A of t h i s  f i gu re  i n  a log-log p l o t .  Two simple population s u b d i s t r i -  
but ions making up t h i s  complex d i s t r i b u t i o n  are labe led  A and B .  
shaded area i s  where the  population of these two overlap.  The dashed l i n e  
s loping down t o  the  r i g h t  i s  the coarse  limb of population B and the  
dashed l i n e  s lop ing  down t o  the  l e f t  i s  the  f i n e  limb of population A. 
I n  order t o  loca te  the  pos i t ion  of these limbs it  i s  known t h a t  a t  po in t  0 
the  values of the ord ina tes  a t  0 '  i s  equal  fo r  each subpopulation because 
they c ross  each o the r .  The magnitude of the  value a t  0 '  must then be h a l f  
the value of the envelope curve a t  0 s ince  the  two subpopulations add t o  
determine the  envelope population. 
l a t i o n  B i s  determined by the  f a c t  t h a t  from the  peak of the envelope 
curve towards poin t  0 the  population i n  t h i s  limb dominates i n  the  envelope 
curve.  The s lope of t h i s  limb must then be  e s s e n t i a l l y  the  same as t h a t  
i n  the envelope curve. The coarse limb of population B i s  displaced toward 
the  l e f t  s l i g h t l y  s o  t h a t  the sum of the  ord ina tes  f o r  populations A and B 
are equal t o  t h a t  i n  the envelope curve. Since no r ea l  c lues  e x i s t  fo r  
e s t ab l i sh ing  the s lope of the f ine  limb fo r  population A,  a symmetrical 
shape i s  assumed. 
sand. 

The 

The s lope of t he  coarse  limb of popu- 

This  i s  general ly  t r u e  f o r  many s o i l s ,  p a r t i c u l a r l y  

Having e s t ab l i shed  the shape of  the  d i s t r i b u t i o n  curve f o r  populations A 
and B on the  log-log p l o t ,  these curves are then r e p l o t t e d  on the s imilog 
paper a s  shown i n  p a r t  B of Figure D - 3 .  A graphical  i n t eg ra t ion  of these 
curves produces the  summation curves as shown i n  p a r t  c of t h i s  f igure .  The 
dashed curves are the summation curves fo r  the subpopulations A and B and 
t h e  sum of these  add t o  give the  t o t a l  summation curve as shown by the 
s o l i d  l i n e .  A check on the consis tency of the  ana lys i s  can be made by 
comparing the  derived summation curve t o  t h a t  obtained by p l o t t i n g  the  
o r i g i n a l  experimental da t a .  A s l i g h t  s h i f t  i n  the  loca t ion  of the curve 
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may occur but the shape is usually preserved remarkably well, 
there is a considerable amount of judgment which must be exercised in an 
analysis of this type; however, surprisingly consistcnt results were 
obtained in evaluating the control samples from the test sites in this way, 

Admittedly, 

A. DISTRIBUTION CURVE (LOG-LOG PLOT) 

I 

B. DISTRIBUTION CURVE (SEMILOG PLOT) 
b 100% 

%B 

%A 

6. SUMMATION CURVE 

FIGURE D-3. SUBDISTRIBUTION SYNTHESIZATION 
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D.2 FIELD TEST CONTROL SAMPLE ANALYSIS 

The control samples taken at four of the field test sites were analyzed 
to determine their physical characteristics and mineralogical composition. 
These analyses are presented in this section. Section D.2.1 treats the 
particle size and distribution analysis and Section D.2.2 treats the 
mineralogical compositional analysis. 

D.2.1 PARTICLE SIZE DISTRIBUTION ANALYSIS 

This section presents the results of the dry sieving and graphical analysis 
procedures described earlier in this appendix for each of the control 
samples. 

D.2.1.1 TEST SITE A,  mLS0 DUNE SAND 

The characteristic percent finer curve obtained for this soil sample is 
given in Figure D-4. For the sake of comparison two other sands are 
plotted. 
tory testing. The Yuma dune sand is from data presented by M. G. Bekker 
at the "Proceedings of the 1st International Conference on the Mechanics 
of Soil-Vehicle Systems,1f 1961. 
standard deviation for each of these sands is the same. Only the mean 
grain size varies, although not very drastically. 

The Nevada 60 sand is a sieved cut that was used in the labora- 

It is interesting to note that the 

The log-log plot of the distribution curve for the Kelso dune sand is 
shown in Figure D-5. The value of this plot in extrapolating the shape of 
the curve can be seen by the way the light straight lines fit the heavy 
solid line. The heavy solid line is the range covered by the experimentally 
determined data. This curve is replotted on semilog paper in Figure D-6 
which shows the characteristically narrow and symmetrical distribution 
that most sands exhibit. 

, ... 
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D.2.1.2 TEST SITE B, PISGAHDRY LAKE DURICRUST 

The p a r t i c l e  s i z e  d i s t r i b u t i o n  f o r  t h i s  model i s  p a r t i c u l a r l y  d i f f i c u I t  
t o  assess. I n  the  f i e l d  t h i s  s o i l  w a s  l i g h t l y  cemented together .  I n  the  
dry s iev ing  ana lys i s ,  the p a r t i c l e s  were broken down manually by crushing 
and abrasion and then were d ry  sieved. The percentage fin.er curve i s  
shown i n  Figure D-7 as the curve labe led  A .  Curve B i n  t h i s  f i g u r e  w a s  
obtained using d i spe r s ion  and sedimentation techniques. The log-log p l o t  
of t he  d i s t r i b u t i o n  curve f o r  d u r i c r u s t  is  given i n  Figure D-8 and the  
semilog p l o t  i s  given i n  Figure D-9. It i s  seen t h a t  the  peak of the  
d i s t r i b u t i o n  curve occurred a t  the  same p a r t i c l e  s i z e  f o r  both methods of 
ana lys i s .  The ne t  e f f e c t  of using the  d i s p e r s a l  technique w a s  t o  break 
down some of the  agglomerated course g ra ins  i n t o  f i n e  material. This i s  
ind ica ted  by the  change i n  s lopes of the coarse  and f i n e  limbs of the 
d i s t r i b u t i o n  curve i n  Figure D-8. Also, a hump i n  the f i n e  limb of the  
curve appeared ind ica t ing  t h a t  t h i s  s o i l  i s  a mix of two simpler d i s t r i -  
but ions which would appear t o  c o n s i s t  of a narrow d i s t r i b u t i o n  of sand 
and a broader d i s t r i b u t i o n  of s i l t  s i z e  material. 
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D . 2 . 1 . 3  TEST SITE E ,  COMPACTED CINDERS 

The control  sample fo r  t h i s  test  s i t e  s o i l  has a very broad d i s t r i b u t i o n  
of s i zes  cons is t ing  of everything from f i n e  mater ia l  up t o  moderately 
coarse gravel .  The summation or  percentage f i n e r  curve i s  given i n  
Figure D-10.  The d i s t r i b u t i o n  curve derived from t h i s  d a t a  i s  given i n  
Figure D-11 as a log-log p l o t  and i n  Figure D-12 as a semilog p lo t .  It 
can be seen t h a t  t h i s  s o i l  is  a mixture of moderately coarse gravel  and 
what appears t o  be a f i n e  sand l i k e  mater ia l  i n  which the gravel  dominates. 
In tegra t ion  of the d i s t r i b u t i o n  curve as shown i n  Figure D-13,  shows tha t  
82 percent of t h i s  model i s  gravel  and the remaining 18 percent i s  f i n e r  
material. It i s  noted t h a t  t h i s  s o i l  i s  a mix of two d i s t i n c t  populations 
with very l i t t l e  overlap. There are two peaks i n  the d i s t r i b u t i o n  curve. 
One occurs a t  80 microns which i s  l i k e  f i n e  sand. The other occurs a t  
25 m i l l i m e t e r s  which is l i k e  coarse pebbles. 
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D . 2 . 1 . 4  TEST SITE F, DESERT PAVEMENT 

" 1  
I 

I 

This s o i l  model w a s  analyzed i n  two ways. 
determined only f o r  t h a t  material passing through a 10 mesh screen. This  
w a s  the  type d a t a  presented i n  the  5 t h  monthly progress  r epor t  and i s  
shown i n  Figure D - 1 4 .  Four sepa ra t e  samples of t h i s  cont ro l  sample were 
sieved and are shown as the  experimental po in ts .  The t i g h t  grouping of 
these  po in t s  ind ica ted  t h a t  t he  s iev ing  technique produced cons i s t en t  
r e s u l t s  and a reasonably high confidence level i n  t h i s  d a t a  can be con- 
cluded. Figure D-15  shows the  log-log p l o t  of the  d i s t r i b u t i o n  curve de- 
r ived  and the  t w o  subpopulations which were synthesized. This da t a  i s  
r e p l o t t e d  i n  Figure D - 1 6  on semilog paper. The in t eg ra t ed  summation curve 
i s  given i n  Figure D-17 .  Based on t h i s  da ta ,  it would be concluded t h a t  
t h i s  sample is  a mixture of about 90 percent  sand and 10 percent  coarser  
grade of sand. I n  a c t u a l  f a c t  populat ion A is the  t a i l  of a much coarser  
pebble populat ion as w i l l  be seen. 

Or ig ina l ly  a d i s t r i b u t i o n  w a s  

Figure D - 1 8  shows the summation curve f o r  the  t o t a l  sample. Both the  
i n i t i a l  da t a  curve and tha t  derived through a n a l y s i s  a r e  shown. Again i t  
i s  noted t h a t  the  shape of the  curve i s  w e l l  preserved. Figure D-19  shows 
the  d i s t r i b u t i o n  curve i n  the  log-log p l o t  and the synthesized subpopulations.  
The dashed curve is  that derived fo r  t h a t  por t ion  of the  sample below 2 mm 
i n  diameter.  Again the shape of the d i s t r i b u t i o n  curve fo r  the f i n e  
mater ia l  i s  preserved bu t  a d i s t o r t i o n  due t o  the overlap between popula- 
t i ons  A and B can be seen i n  the bulge on the  coarse  limb s i d e  of the curve. 
The semilog p l o t  of t h i s  curve i s  given i n  Figure D - 2 0  and the  in tegra ted  
summation curve i s  shown i n  Figure D - 2 1 .  From t h i s  curve it i s  seen t h a t  
population A comprises 53 percent  of the t o t a l  sample and population B com- 
p r i s e s  47 percent  of t h e  t o t a l .  In  s iev ing  t h i s  ma te r i a l  t o  obta in  the  
necessary d a t a  po in t s ,  a l l  t he  mater ia l  above the  10 mesh screen  w a s  
weighed and the  percentage of the material i n  the  sample l a r g e r  than 2 
m i l l i m e t e r s  was determined t o  be about 40 percent .  I f  the  poin t  on the  
t o t a l  summation curve i n  Figure D - 2 1  a t  a p a r t i c l e  s i z e  of 2 m i l l i m e t e r s  
i s  read, it i s  seen t h a t  59 percent  of the t o t a l  sample i s  l e s s  than 2 
mi l l imeters  i n  s i z e .  This leaves 41 percent  coarser  than 2 m i l l i m e t e r s  
which c o r r e l a t e s  except iona l ly  w e l l  wi th  the  i n t i a l l y  measured experimental 
da t a .  Referr ing back t o  Figure D - 2 0 ,  i t  i s  seen t h a t  t h i s  s o i l  a l s o  has 
two peaks with one a t  100 microns and the  other  a t  4 t o  5 m i l l i m e t e r s .  
These are c h a r a c t e r i s t i c  of sand and f i n e  pebbles respec t ive ly .  
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D.2.2 CLAY ANALYSIS 

Control  samples from the  dunes, t he  d u r i c r u s t ,  oompacted c inders ,  and the  
d e s e r t  pavement test  si tes were separa ted  i n t o  c l a y  ( p a r t i c l e s  smaller 
than 2 microns) and s i l t - s a n d  f r a c t i o n s  using the  Edwards-Bremner d isper -  
s i o n  techniques and c e n t r i f u g a l  sedimentation (Whitt ig,  1965). The assay  
procedure ou t l ined  i n  Table D-2 was used. 
water used t o  wash the  s a n d - s i l t  p a r t i c l e s  by the  a d d i t i o n  of 10% magnesium 
ch lo r ide  s o l u t i o n  followed by high speed cen t r i fuga t ion .  
d e s e r t  pavement, and compacted c inder  s i l t s  requi red  3 washings t o  remove 
the  c l a y  from them using only one period of sonicat ion.  
removed from the  dune si l t  i n  2 washings. 
dune s i l t  d id  not  f l o c c u l a t e  on a d d i t i o n  of magnesium ion ,  i nd ica t ing  e i t h e r  
high organic o r  unusual minera logica l  composition, 
ness of the  5 m i n u t e  son ica t ion  the  c l a y  f r a c t i o n a t i o n  was performed on 
r e p l i c a t e  specimens one of which received a 5 minute sonic  treatment and 
the  other  a 10 minute sonic  treatment.  The r e s u l t s  are shown i n  Table D-3, 

TABU D - 3  

CLAY CONTENT OF SEmCTED SOIL SPECIMENS 

The c l a y  w a s  recovered from the  

The d u r i c r u s t ,  

The c l a y  w a s  
Moreover, the  c l ay  removed from 

To confirm the  co r rec t -  

B -Dur i c r u s  t 
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The e f f e c t  of sonica t ion  beyond 5 minutes' durat ion appears t o  be  t h a t  of 
breaking up the  s i l t  p a r t i c l e s  so  t h a t  the sediment dens i ty  i s  decreased 
and the number of l a rge  c l a y  p a r t i c l e s  increased. Tk? amount of c l a y  
found i n  the specimens rece iv ing  5-minute treatments c o r r e l a t e s  roughly 
with the  amount of c l a y  minerals found i n  the  same specimens by X-ray 
d i f f r a c t i o n  ana lys i s .  I n  the  case of t he  dunes s i l t r s a n d ,  the  sedimenta- 
t i o n  estimate of the  c l a y  content  i s  possibly high because the  material 
which has a c l ay - l ike  sedimentation rate does not  coagulate with d iva l en t  
ions as c l a y  minerals  should. P a r t  of t h i s  material may be organic o r  
d i s in t eg ra t ed  feldspar  o r  mica s i l t  p a r t i c l e s .  It i s  important t o  note  
t h a t  a good c o r r e l a t i o n  w a s  obtained fo r  t he  c l ay  content  derived by the 
above method and t h a t  obtained by estimates from the  X-ray d i f f r a c t i o n  
ana lys i s .  

The experimental r e s u l t s  i nd ica t e  t h a t  samplers 2 and 9 c o l l e c t  s o i l  
specimens containing approximately the  same c l ay  conten t  as the  con t ro l  
specimen. The g rav i ty  dump co l l ec t ed  sample obtained by sampler 10 i n  run 
number 10B2-2 a l s o  d id  not  a f f e c t  the  c l a y  content  of the  s o i l .  However, 
the  pneumatically co l l ec t ed  sample taken by t h i s  sampler during the sampling 
run designated as 1OB2-1  i nd ica t e s  a 30 percent l o s s  i n  c l a y  conten t .  This 
loss i s  probably due t o  c l a y  s i z e  material being e j ec t ed  a t  the  o u t l e t  of 
the  cyclone c o l l e c t o r .  The e f f l u e n t  from the cyclone c o l l e c t o r  f o r  sampler 
10 w a s  co l l ec t ed  during the  grav i ty  dump cyc le  f o r  the t h i r d  run  a t  the 
du r i c rus t  s i t e  which is  designated 10B3X i n  Table D-3. It i s  noted t h a t  
t he  c l ay  content  of t h i s  sample i s  approximately the  same a s  the  con t ro l  
i nd ica t ing  t h a t  the heavy e f f l u e n t  observed t o  emanate from the  cyclone 
c o l l e c t o r  and blower of  t h i s  sampler was no t  s e l ec t ive ly  r e j e c t i n g  c l ay  a t  
t h i s  t i m e .  It should be r e i t e r a t e d  t h a t  the  funnel o u t l e t  tended t o  c log  
allowing the  chamber t o  f i l l  i t s e l f  r a t h e r  f u l l .  Continual rapping w a s  
required t o  cause the  s o i l  sample t o  f a l l  out  of the funnel i n t o  the  
c o l l e c t i o n  b o t t l e .  Thus, a t  least in t e rmi t t en t ly  the  o u t l e t  t o  the  cyclone 
w a s  the only means of e x i t  from the  c o l l e c t o r .  This  f a c t ,  coupled with the 
reduced e f f i c i ency  of the  cyclone because of the  la rge  quant i ty  of s o i l  i n  
the  funnel and c y l i n d r i c a l  por t ion  of the  cyclone c o l l e c t o r ,  undoubtedly 
explains  the nonselect ive loss of sample through the  o u t l e t  t o  the cyclone 
c o l l e c t o r  and the  blower. 

Because the  f i n e s t  c l a y  p a r t i c l e s  w e r e  concentrated on the  very sur face  of 
the  du r i c rus t  test s i te ,  even the con t ro l  sample could not  be r ep resen ta t ive  
of the ma te r i a l  which each sampler attempted t o  acqui re .  For example, 
sampler 2 abrades only the  top  sur face  t o  a depth less than one m i l l i m e t e r  
while sampler 9 co l l ec t ed  t o  a depth of 32 m i l l i m e t e r s .  Sampler 10 samples 
t o  a depth of 1 t o  2 m i l l i m e t e r s  which i s  a l s o  very shallow. The e f f e c t  of 
wind on t h i s  sampler i s  ind ica ted  by wind run 1 0 B 4 a  shows t h a t  two-thirds 
of the c l ay  f r a c t i o n  w a s  l o s t  during acqu i s i t i on .  This  is  i n t e r e s t i n g  s ince  
the  wind did not  cause any apparent degradation i n  the  t o t a l  weight of sample 
co l l ec t ed ,  y e t  apparent ly  removed the  c l ay  s i z e  material during acqu i s i t i on  
by the w i r e  brush. 
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Clay analyses on samples collected by the sampler mechanisms were not 
performed for the other test sites. 

D. 2.3 MINERALOGICAL COMPOSITION 

The mineralogical composition of the sieved and sonically separated 
fractions of the soil models representing each test site are shown on 
Tables D-4 to D-9. 

KELSO DUNES AREA 

Soil Model A ,  Dune Sand 

The typical dune sand control sample lacked particles in the plus 10 mesh 
(> 2 mm) and the minus 325 mesh (e 44~) range. The composition of par- 
ticles in the sand and silt range are shown on Table D-4. A clay separa- 
tion was performed and a small residue derived. However, this residue 
did not coagulate with divalent ions as clay minerals should. Most of 
this material may be organic and/or sonically disintegrated feldspar or 
mica particles and hydrated, grain-coating, mineral oxides. Beneath the 
microscope, no clay-size particles were observed. 
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TABLE D-4 

SOIL MODEL A, KELSO DUNE SAND, CONTROL SAMPUS 
COMPOSITION 

"1 

"1 

I 

Quant i ty  
grams 

-- 
.01 

.58 

13.91 

5.98 

1.40 

.10 

.03 

22.01 

Descript ion 

No pebbles o r  gravel  present .  

Yellow t o  tawny, s l i g h t l y  i ron-stained,  subangular t o  subrounded, p i t t e d ,  
f ros ted ,  very coarse  sand: cy quar tz  - 100% 

Coarse sand wi th  the following composition: 

(Y quar tz  spec ies  - 99% 
(a) Pa le  t o  deep yellow t o  orange t o  l i g h t  brown, i ron-stained,  

subrounded t o  w e l l  rounded, highly f ros ted  gra ins  - 35% 
(b) Glassy, t ransparent ,  unfros ted,  subangular (probably l o c a l  

Grani te  Mountains source) gra ins  - 30% 

(c) Milky white ,  w e l l  rounded, highly f ros ted  gra ins  - 25% 
(d) Greasy gray t o  g lassy  t rans lucent ,  subrounded and p i t t e d  i n  

int imate  a s s o c i a t i o n  with weakly magnetic i lmeni te  - 9% 

Magnetite; s t rongly  magnetic, black,  w e l l  rounded gra ins  - 1% 

Apati te ;  pale green, w e l l  rounded gra ins  - Trace 

Garnet; greasy purpl ish-red,  subrounded t o  w e l l  rounded, highly f ros ted  
gra ins  - Trace 

Tourmaline ( 1 ) ;  nonmagnetic, black,  w e l l  rounded rods  - Trace 

B i o t i t e ;  golden t o  dark brown f lakes  - Trace 

Medium sand, as above, abundance percentages as above. 

Fine sand, as above: 

Cy quartz  spec ies  - 85% 
I lmeni te  w/quartz - 8% 
Magnetite - 6% 

B i o t i t e  - 1% 
Apati te ,  garnet  and tourmaline - Trace 

Very f i n e  sand, as above: 

cy quartz  spec ies  - 80% 
Magnetite - 15% 
I lmeni te  - 4% 
Tourmaline - 1% 
Apati te ,  b i o t i t e ,  and garnet  - Trace 

S i l t  s i m i l a r  i n  composition t o  above sand but  tending t o  be more angular: 

cy quartz  spec ies  - 80% 

Magnetite - 10% 
Tourmaline - 5% 

Ilmenite  - 5% 

A p a t i t e ,  b i o t i t e  and garnet  - rare 

S i l t ,  a s  above, almost wholly angular: 

cy quartz  species - 90% 
Magnetite - 5% 

I lmeni te  - 3% 
Tourmaline - 2% 

Apat i te  and garnet  - rare 

No very f i n e  s i l t  or  c l a y  s i z e  p a r t i c l e s  present  
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PISGAH CRATER AREA 

S o i l  Model B ,  D r y  Lake Dur ic rus t  

Two analyses  are provided f o r  t h i s  mater ia l  a s  shown on Figures  D-7 t o  D-9 
presented earlier i n  t h i s  appendix. The gross  con t ro l  sample ana lys i s ,  
denotes  the  charac te r  of the  gross sample derived from sieving.  This material 
conta ins  most of the  c l a y  and f i n e  s i l t  f r a c t i o n s ,  bound by moisture and 
c a l c i t e ,  i n  the  form of "dur ic rus t  f lakes"  which form a l a rge  percentage 
of the  sand-size f r a c t i o n s  (62p < d < 2mm). 
s i t i o n  of t h i s  gross sample. Another c o n t r o l  sample a n a l y s i s ,  l abe led  B 
on Figures  D - 7  t o  D-9, w a s  performed a f t e r  the  "dur ic rus t  f lakes"  had been 
dispersed and the  c l a y  f r a c t i o n  i s o l a t e d .  
composition of t he  Pisgah Playa Lake d u r i c r u s t  s o i l ,  

S o i l  Models C and D ,  Pahoehoe and Aa Basalt 

Table D-5 gives the  compo- 

Table D-6 gives the  absolu te  

The average compositions of Pisgah Crater pahoehoe and aa b a s a l t s  are 
e s s e n t i a l l y  i d e n t i c a l .  
b a s a l t s  i s  given i n  Table D-7 .  

The average composition of these  flow phase o l i v i n e  

TABLE D-7  

COMPOSITION OF PISGAH CRATER OLIVINE BASALT 
-- - &..̂  .- - 1 .. 

Percent 

l ag ioc la se  fe ldspar  -- .r I..--__ ~ - 

D 
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TABLE D-5 

SOIL MODEL R, PISGAH PLAYA LAKE, CONTROL SAMPLE 
COMPOSITION OF GROSS SAMPLE AFPeR DRY SIEVING 

:aught on 
Sieve No. 

10 

60 

' 120 

230 

325 

CUP 

Total  

)uant i t y  
grams 

0.01 

0.02 

0.26 

4.13 

6.38 

7.86 

2.13 

0.88 

(0.66) 

(0.22) 

21.67 

Descr ipt ion 

Black to  dark brown, ves icu lar  t o  p i t t e d ,  angular o l iv ine  b a s a l t  pebbles; many 
p i t s  and v e s i c l e s  f i l l e d  with very f i n e  grained,  s l i g h t l y  a l t e r e d  fe ldspar  and/ 
l imonite;  and white, microcrys ta l l ine ,  angular CY quartz  gra ins .  

Basal t  - 65% 

a quar tz  - 35% 

Very coarse sand and d u r i c r u s t  f lakes  as follows: 

Basal t  - 5% 

CY quartz  species  (61*6) 

(a) White t o  yellow-brown, subangular t o  subrounded gra ins  - 40% 
(b) Water white, t ransparent ,  angular t o  subangular gra ins  - 15% 
(c)  White t o  yellow to  l i g h t  brown to  dark red,  i ron-stained,  

(d) Milky white, angular t o  subangular gra ins  - Trace 
(e) Greasy gray t o  purpl ish gray,  subangular t o  subrounded 

microcrys ta l l ine ,  rounded gra ins  - 5% 

gra ins  - Trace 

Duricrust  f lakes ;  small tabular  p l a t e s  composed of c lay-s ize  gra ins  
weakly cemented with c a l c i t e  - 30% 

B i o t i t e ,  golden to  dark brown, eroded "books" and f lakes  - 5% 

Organic debr i s  (small stem fragments, frayed vegetable  f i b e r s )  - Trace 

Coarse sand and dur ic rus t  f lakes  a s  above. 

Medium sand and dur ic rus t  f lakes  a s  above with some ear thy  red basa l t  
c inder  grains:  

Basal t  g ra ins  - Trace 

Basal t  c inders  - 5% 

01 quartz  gra ins  - 50% 

Duricrust  f lakes  - 40% 

B i o t i t e  f lakes  - 5% 

Organic debr i s  - Trace 

Fine sand and dur ic rus t  f lakes  as  above with an increased amount of b a s a l t  cind 
and angular ,  water white Q' quartz  gra ins :  

Basal t  c inders  - 15% 

Q' quartz  species  (55%): 

(a) 10% 
(b) 40% 
(c) N i l  
(d) 5% 
(e)  Tr 

Duricrust  f lakes  - 20% 

B i o t i t e  f lakes  - 10% 

Very f i n e  sand and dur ic rus t  f lakes  a s  above: 

Basal t  c inders  - 5% 

CY quartz  gra ins  - 35% 

Duricrust  f lakes  - 50% 

B i o t i t e  f lakes  - 10% 

S i l t ,  i d e n t i c a l  i n  composition to  the very f i n e  sand above. 

The -44u sample present  i n  the cup can be t e n t a t i v e l y  divided i n t o  s i l t  and 
c lay  f r a c t i o n s  as  follows: 

4p - 4 4 p :  Very f i n e  s i l t  f rac t ion  

Very f ine  angular CY quartz  gra ins  - 50% 
Andesine and a n o r t h i t e  gra ins  - 45% 
B i o t i t e  - 5% 

< 4p: Clay f r a c t i o n  

Monmorillonite (60%) and c h l o r i t e  (40%) - 100% 

Note: 
d u r i c r u s t  f lakes  a r e  broken down the gra in-s ize  percentages w i l l  change 
markedly. See Table D-6. 

This descr ip t ion  covers  a gross  sample i n  the form col lec ted ;  when the  
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TABLE D-6 

SOIL MODEL B,  PISGAH PLAYA LAKE, CONTROL SAMPLE 
COMPOSITION AFTER DISPERSION AND SEDIMENTATION TREATMENT 

Quant i ty  
Grams Descr ipt ion 

0.010 Very f i n e  b a s a l t  and quartz  pebbles, a s  before. 

Basa l t  - 65% 
cy quartz  - 35% 

0.014 Very coarse sand a s  follows: 

I I Basal t  - 8% 
CY quartz  species  (85%): 

(a) 5% 
(b) 21% 
(c) 
(a) T r  
(e) T r  

B i o t i t e  - P/, 
Organic debr i s  - Trace 

0.182 Coarse sand i d e n t i c a l  t o  above. 

2.478 Medium sand with some ear thy  red b a s a l t  c inder  grains:  

Basa l t  - Trace 

Basal t  c inders  - 9% 
CY quar tz  species  (82%): 

(a) 55% 
(b) 20% 
(c) 7% 
( 4  T r  
(e) T r  

B i o t i t e  - g% 
Organic debr i s  - Trace 

5.104 Fine sand with increasing b a s a l t  c inder  and water white, angular CY quartz  grains:  

Basa l t  c inders  - 19% 
CY quar tz  species  (68%) : 

(a) 12% 

B i o t i t e  - 13% 

3.930 Very f i n e  sand: 

Basa l t  c inders  - 10% 

cy quartz  species  (70%): 

(a) 12% 
(b) 51% 

B i o t i t e  - 20% 
1.870 Coarse s i l t  i d e n t i c a l  t o  very f i n e  sand above. 

4.376 Medium t o  f i n e  silt  a s  follows: 

CY quartz  species  (50%) : 

(a) 9% 
(b) 36% 
(c) None 
(d) 5% 
(e) Tr 

Andesine and a n o r t h i t e  grains  - 45% 
B i o t i t e  - 5% 

3.706 Clay as follows: 
Montmorillonite - 60% 
Chlor i te  - 40% 

21.67 Note: 
Pisgah Playa Lake d u r i c r u s t  s o i l .  

This descr ip t ion  i l l u s t r a t e s  the completely broken-down composition of the 
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S o i l  Model E ,  Compacted Basalt Cinders 

The compacted b a s a l t  c inde r s  c o n t r o l  sample, when analyzed by dry s i ev ing  
and c l a y  d i s p e r s a l  and sedimentation processes , yie lded  a composition f o r  
each gra in-s ize  f r a c t i o n  i s o l a t e d  t h a t  i s  given i n  Table D - 8 .  The compo- 
s i t i o n  of the  b a s a l t  c inders  i s  b a s i c a l l y  s i m i l a r  t o  the  average composi- 
t i o n  of t he  o l i v i n e  b a s a l t  flow phase material denoted i n  Table D - 7 .  

S o i l  Model F,  Desert Pavement 

The composition of the  d e s e r t  pavement c o n t r o l  sample i s  given i n  Table 
D-9. The b a s a l t  pebbles are wholly pahoehoe flow phase b a s a l t ,  hence of 
i d e n t i c a l  composition t o  t h a t  shown f o r  the  parent  material i n  Table D - 7 .  
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TABLE D - 8  

SOIL MODEL E ,  COMPACTED BASALT CIM)ERS, CONTROL SAMPLE 
COMPOSITION 

:aught on 
iieve No. 

10 

18 

35 

60 

120 

230 

325 

CUP 

Total  

Iuant i ty  
grams 

82.30 

(34.0) 

(10.6) 
(13.1) 
(11.8) 

( 3.1) 
( 7.0) 

( 1.4)  
( 1.3) 

0.59 

0.71 

0.88 

2.10 

2 . 7 1  

1.44 

1.30 

(0.90) 

(0.40) 

92.03 

Descr ipt ion 

Dark brown t o  deep reddish brown, very angular ,  very porous and p i t t e d ,  s l i g h t l y  
l imonite  s ta ined ,  b a s a l t  c inder  pebbles, and micro-bombs a s  follows: 

No. fragments EYE Max. dimensions, c m  

Cinder 4.3 
Bomb 4.1 

Cinders 3.0 - 4.0 
3 Cinders 2.0 - 3.0 

1.5 - 2.0 
1.0 - 1.5 

i :  2 

11 Cinders 
18 Cinders 
20 Cinders 0.75 - 1.0 

Cinders 0.50 - 0.75 23 
68 Cinders 0.20 - 0.50 

I r r idescent  black,  d u l l  t an  to  lus t rous  brown and lus t rous  dark red t o  ear thy  
red basa l t  c inder  sand, very angular ,  very porous, highly ves icu lar  and p i t t e d ;  
many p i t s  and v e s i c l e s  f i l l e d  with very f i n e  grained, s l i g h t l y  a l t e r e d  feldspar  
and/or l imonite .  

Basal t  c inders  - 100% 

Coarse b a s a l t  c inder  sand a s  above with t race  of organic debr i s  (stem fragments 
and frayed vegetable  f i b e r s ) .  

Medium basa l t  c inder  sand a s  above with some cy quartz  gra ins  and mica f lakes  
a s  follows: 

Basalt c inders  - 75% 

01 quartz  spec ies  - (20"L): 

(a)  Snow white t o  yellow t o  tan,  subrounded gra ins  - 15% 
(b) Water white, t ransparent ,  angular to  subangular gra ins  - 5% 
(c) Snow white t o  yellow t o  pink, microcrys ta l l ine ,  rounded 

t o  well rounded gra ins  - Trace 

B i o t i t e ,  golden yellow t o  dark brown, cleavage f lakes  - 5% 

Fine basa l t  c inder  and CY quartz  sand with m i c a  f l akes  a s  above: 

Basalt c inders  - 60% 

cy quartz  species  as  above (25%): 

(a)  5% (b) 15% (c) 5% 

B i o t i t e  f lakes  a s  above - 159. 

Very f ine  basa l t  c inder  and cy quar tz  sand as above: 

Basalt c inders  - 35% 

cy quartz  species  a s  above (60%): 

(a)  15% (b) 40% ( c )  5% 
(d) Greasy gray t o  purp l i sh  gray, subangular to  

subrounded gra ins  - Trace 

B i o t i t e  f lakes  as  above - 5% 

Free magnetite gra ins  - Trace 

Anorthi te ,  greasy gray, subrounded, f ros ted  l a t h s  - Trace 

S i l t  composed of the following mater ia l s :  

CY quar tz  spec ies ,  tending t o  be angular t o  subangular (90%): 
(a) 25% (b) 45% (c) 20% (d) Trace 

B i o t i t e  f lakes  - 10% 

Free magnetite gra ins  - Trace 

Anorthi te  l a t h s  - Trace 

The -44p mater ia l  present  i n  the cup can be divided i n t o  silt  and 
c lay  f rac t ions  as  follows: 

4p - 44p: Very f i n e  s i l t  f r a c t i o n  

Very f i n e  angular cy quartz  g r a i n s  - 55% 
Andesine and a n o r t h i t e  g r a i n s  - 45% 

< 4p: Clay f r a c t i o n  

Montmorillonite (60%) and c h l o r i t e  (40%) - 100% 
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TABLE D-9 

SOIL MODEL F, PISGAH CRATER DESERT PAVEMENT, COmOL SAMPLE 
CDMPOSITION 

aught on 
ieve No. 

10 

18 

35 

60 

120 

230 

325 

CUP 

Total 

u a n t i t y  
grams 

12.70 

- 

(3.7) 
(1.6) 
(2.8) 
(4.6) 
0.86 

0.61 

0.88 

4.12 

7.63 

2.36 

1.10 

(0.50) 

(0.60) 

21.18 

Very angular, highly p i t t e d  o l i v i n e  b a s a l t  pebbles as follows; surface pavement 
mater ia l ;  

No. fragments Max. dimensions, c m  

1 2.8 
4 

159 

Very angular ,  highly p i t t e d  fragments of o l i v i n e  b a s a l t  and black t o  dark red,  
d u l l  ear thy  t o  v i t r e o u s  t o  i r r i d e s c e n t  pumaceous basa l t  c inders;  many p i t s  f i l l e d  
with very f i n e  grained,  s l i g h t l y  a l t e r e d  fe ldspar  and/or l imonite;  60% sur face  
pavement and 40% subsurface mater ia l :  

Basal t  and b a s a l t  c inders  - 100% 

1.0 - 1.25 
14 0.5 - 1.0 

0.2 - 0.5 

Coarse b a s a l t  and basa l t  c inder  sand as  above with white ,  t rans lucent ,  sub- 
angular and l i g h t  tan,  i ron-stained,  subrounded, highly f ros ted  @ quar tz  gra ins ;  
wholly subsurface mater ia l :  

Basal t  and basa l t  c inders  - 90% 

cy quar tz  - 10% 

Medium black and red basa l t  cinder and black basa l t  sand as  above (50%) with 
cy quar tz  sand (40%) having the following composition: 

cy quar tz  species:  

(a) Snow white t o  yellow t o  pink, microcrys ta l l ine ,  rounded t o  
wel l  rounded gra ins  - 25% 

(b) Milky, subangular gra ins  - 10% 
(c) Water white, t ransparent ,  angular t o  subangular gra ins  - 5% 
(d) Greasy gray t o  purpl ish gray, subangular t o  subraunded 

g r a i n s  - Trace 

Golden yellow t o  dark brown cleavage p l a t e s  of b i o t i t e  - 10% 

Andesine-anorthite, greasy gray, subrounded l a t h s ,  f ros ted  - Trace 

Organic debr i s  (seeds, small stems) - Trace 

Note: Basal t  fragments a r e  weakly magnetic due t o  magnetite content. 

Fine b a s a l t ,  b a s a l t  c inder ,  and cy quar tz  sand as above: 

Basal t  and b a s a l t  c inders  - 25% 

cy quartz  gra ins  a s  above - 60% 

B i o t i t e  - 15% 

Free magnetite gra ins  - Trace 
Andesine-anorthite l a t h s ,  greasy gray, subrounded, f r o s t e d  - Trace 

Very f ine  b a s a l t  c inder  and cy quartz  sand as  above: 

Basal t  c inders  - 20% 

cy quartz  gra ins  tending t o  
be angular t o  subangular - 75% 

B i o t i t e  - 5% 

Free magnetite g r a i n s  - Trace 

S i l t  composed of the following: 

Basal t  c inders ,  ear thy  red - 10% 

CY quartz  spec ies  (85%): 

(a) Snow white t o  yellow, subrounded g r a i n s  - 45% 
(b) Water white, t ransparent ,  angular gra ins  - 25% 
(c) Milky white, subangular gra ins  - 15% 

Free magnetite gra ins  - 5% 
Andesine-anorthite l a t h s ,  subrounded, f ros ted  - Trace 
B i o t i t e  f lakes  - Trace 

The - 4 4 ~  sample can be divided i n t o  s i l t  and c l a y  f r a c t i o n s  as 
follows : 

4p - 4 4 ~ :  Very f ine  s i l t  f r a c t i o n  

Very f ine  angular cy quartz  gra ins  - 70% 
Andesine and a n o r t h i t e  gra ins  - 30% 

< 4 ~ :  Clay f r a c t i o n  

Montmorillonite (55%) and c h l o r i t e  (45%) - 100% 
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D . 3  FIELD SAMPLE DISTRIBUTION CURVES 

This s ec t ion  presents  t he  curves obtained fo r  those sampler mechanisms 
which acquired a s u f f i c i e n t l y  l a r g e  sample t o  j u s t i f y  a p a r t i c l e  s i z e  
ana lys i s .  I n  general  a summation o r  percentage f i n e r  curve i s  given on 
one page and the  facing page has the  corresponding d i s t r i b u t i o n  curve, 
where i t  e x i s t s .  D i s t r ibu t ion  curves w e r e  no t  der ived where inspec t ion  
of the summation curve w a s  adequate t o  a r r i v e  a t  a conclusion. These 
curves a r e  grouped according t o  the  test s i t e  to  which they apply. A t  
the  beginning of each group w i l l  be  a sho r t  subparagraph which w i l l  se rve  
t o  a c t  a s  d iv ide r s  and a l s o  t o  summarize the  s a l i e n t  po in t s  f o r  t h a t  
group. Within a group, the curves are arranged i n  a sequence cor res -  
ponding t o  the  sampler number assigned t o  each mechanism i n  the  body of 
the  tex t .  

D.3.1 TEST SITE A, JCELSO DUNE SAND 

This sec t ion  conta ins  Figures  D-22 through D-25 f o r  samples taken a t  
t e s t  s i t e  A. I n  general  most of the  samplers appear t o  sample t h i s  s o i l  
without severe a l t e r a t i o n  of the  d i s t r i b u t i o n  which i s  t o  be expected. 
Only samplers numbers 1, 2 and 10 appear t o  have co l l ec t ed  samples with 
a l t e r e d  d i s t r i b u t i o n s .  
Figures  D-22 and D-23, and 10A71, Figures  D-32 and D-38, could be a t t r i -  
buted t o  the e f f e c t  of the  wind blowing the  f i n e s  away, s ince  the d i s t r i -  
but ion appears t o  have narrowed with the  peak moving t o  a coarser  g ra in  
s i z e .  This same e f f e c t  i s  noted t o  a lesser degree fo r  run  10A3 with no 
wind. Here the e f f e c t  may be due t o  the so r t ing  a c t i o n  of the  cyclone 
c o l l e c t o r  s ince  a loss  of f i n e s  i s  indicated.  

The a l t e r a t i o n  observed f o r  sample run 1A30 ,  

Sampling run 2A3, Figures  D-24 and D-25, is  unique i n  t h a t  the  peak has  
sh i f t ed  t o  a f i n e r  g r a i n  s i z e  and the  d i s t r i b u t i o n  has broadened con- 
s iderably .  This  r e s u l t  i s  t o  be  expected s ince  the pe r fo ra t ions  i n  the 
cy l inder  a t  which the  s o i l  e n t e r s  w i l l  exclude the  l a r g e r  g r a i n s  i n  

% preference t o  the  f ines .  
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D.3.2 TEST SITE B, PISGAH DRYLAKE DURICRUST 

This s ec t ion  conta ins  Figures  D-36 through D-46 f o r  samples taken a t  
s i t e  B. 

It i s  more d i f f i c u l t  t o  assess the r e s u l t s  f o r  t h i s  s o i l  model because of 
the  d i f f i c u l t y  i n  a r r i v i n g  a t  a con t ro l  standard.  The r e s u l t s  obtained by 
dry s iev ing  should probably be used as a b a s i s  fo r  comparison s ince  the  
abrading a c t i o n  of the  samplers i s  mechanical which more nea r ly  approxi- 
mates the  s ieving techniques used. I n  general  i t  appears t h a t  most of 
the  samplers do not  s u b s t a n t i a l l y  a l t e r  the  d i s t r i b u t i o n .  Those samplers 
with not iceable  c h a r a c t e r i s t i c s  were samplers 2 ,  7,  and 10. I n  sample 
run 2B2, Figures  D-36 and D-37, i t  is  again noted t h a t  t h i s  sampler tends 
t o  c o l l e c t  s u b s t a n t i a l l y  f i n e  material with a broad d i s t r i b u t i o n .  It i s  
i n t e r e s t i n g  t o  note  t h a t  the  hump seen i n  the  d i s t r i b u t i o n  curve of the 
cont ro l  sample obtained by sedimentation procedures i s  r e f l e c t e d  i n  the  
coarse  g r a i n  limb of the  d i s t r i b u t i o n  curve f o r  the  sample. More d e t a i l e d  
ana lys i s  and t e s t i n g  would be  required t o  eva lua te  t h i s  r e s u l t .  

I n  sample run 7 B 1  shown i n  Figures  D-41 and D-42 i t  is  seen t h a t  a very 
narrow d i s t r i b u t i o n  e x i s t s  i n  the  sample with a peak a t  80 microns. This 
r e s u l t  i s  expected s ince  the  m e t a l  cased h e l i c a l  conveyor used on t h i s  
sampler e i t h e r  r e j e c t s  l a r g e  p a r t i c l e s  or  breaks them down i n t o  smaller 
s i z e s .  With a l i g h t l y  cemented material such as d u r i c r u s t  the  agglomerated 
g ra ins  are e a s i l y  broken down i n t o  smaller g ra ins .  The very narrow 
d i s t r i b u t i o n  of p a r t i c l e  s i z e s  fo r  t h i s  sampler can be a t t r i b u t e d  t o  the  
a c t i o n  of the  h e l i c a l  conveyor. The mean s i z e  i s  determined by the  
dimensions of the  h e l i c a l  path through which the  s o i l  i s  t ransported.  

The r e s u l t s  of sample run 10B3 a r e  given i n  Figure D-45 and D-46. Because 
of the very  low flow v e l o c i t i e s  i n  the  pneumatic t r anspor t  mode, i t  i s  
expected t h a t  any pneumaticaily co l l ec t ed  sample would be very  f i n e  con- 
s i s t i n g  of p a r t i c l e s  i n  the s i z e  range obeying Stoke 's  l a w ;  i .e.,  l e s s  
than 70 microns. This i s  g raph ica l ly  subs tan t ia ted  by t h i s  ana lys i s  s ince  
the  percentage by weight climbs t o  a maximum a t  about 25 microns. The 
sample obtained by the  abrading wire  brush i n  the g rav i ty  dump has a peak 
a t  the same p lace  as tha t  obtained by dry s iev ing  except t ha t  the d i s t r i -  
bution is  broader.  This i s  probably t r u e  s ince  the  w i r e  brush during.  
acqu i s i t i on  does not work the mater ia l  as severely o r  as long as i s  done 
i n  the s ieving process.  The narrow d i s t r i b u t i o n  on the f i n e  limb of 
the d i s t r i b u t i o n  curve i s  probably due t o  the  removal of some f i n e s  by 
the pneumatic c o l l e c t i o n  of a sample; however, a s t ronger  s o r t i n g  a c t i o n  
occurs when the  sample i s  dumped by the  i n a b i l i t y  of the cyclone c o l l e c t o r  
t o  c o l l e c t  these f i n e s .  Large q u a n t i t i e s  of f i n e  mater ia l  were observed 
i n  the  e f f l u e n t  from cyclone c o l l e c t o r  during the  g rav i ty  dump of the  
sample. 
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D.3.3 TEST SITE E,  COMPACTED CINDERS 

This s ec t ion  conta ins  Figures  D-47 through D-58 for  samples taken a t  
s i t e  E. 

I n  general ,  a l l  the  samplers r e j ec t ed  the  grave l  population and acquired 
the  sample out of the f i n e  mater ia l  population. 
should be pointed out t ha t  sampler 4 does acqui re  gravel  s i z e  mater ia l  
but the  quant i ty  i s  not l a r g e  enough t o  accu.rately assess  the d i s t r i b u t i o n  
i n  t h i s  ana lys i s .  

In  t h i s  context ,  it 

The samples co l l ec t ed  a t  t h i s  si te which appear t o  change the  d i s t r i b u t i o n  
of the f i n e  population a r e  samplers 7 and 9.  
fo r  run 7E1, i t  can be seen t h a t  sampler 7 again produces a very narrow 
d i s t r i b u t i o n  with a peak a t  about 70 microns i n  diameter. 
coincides with the  peak f o r  t he  f i n e  population of the cont ro l  sample. 

From Figure D-53 and D-54, 

This peak 

The r e s u l t s  of sample run 9 E 1  a r e  given i n  Figures  D-55 and D-56. . T h i s  
i s  the only s o i l  model i n  which a d iscr imina t ing  e f f e c t  other  than t h e  
r e j e c t i o n  of the  l a rge  gravel  i s  evident .  The s t eep  s lope of the f i n e  
l i m b  of t he  d i s t r i b u t i o n  curve ind ica t e s  a l o s s  of f i n e  mater ia l .  A 
poss ib le  explanation can be made i n  terms of the  sp in  dump cycle .  It w a s  
a t  t h i s  s i t e  t h a t  poor engagement of the  s l i p  c lu t ch  dr iv ing  the high speed 
sp in  dump mode was observed r e s u l t i n g  i n  a slow sp in  with v ibra t ion .  The 
f i n e r  mater ia l  w i l l  slow down more r ap id ly  due t o  a i r  drag and begin t o  
se t t le  out .  Since the  v e l o c i t y  of the  mater ia l  i s  lower a s  i t  leaves the 
sampling head when the spin dump malfunctions i n  t h i s  manner, it can be 
expected tha t  more mater ia l  w i l l  be l o s t  under these condi t ions by 
f a i l i n g  t o  c ross  the gap between the  sampling head e x i t  s l i t  and the co l -  
l e c t i o n  chamber. It can a l s o  be expected t h a t  the  f i n e  mater ia l  i s  more 
a p t  t o  be l o s t  than the coarser  mater ia l .  
the  d i s t o r t i o n  of the d i s t r i b u t i o n  curve shown i n  Figure D-56. 

This e f f e c t  could explain 
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D . 3 . 4  TEST SITE F, DESERT PAVEMEN 

This sec t ion  contains  Figures D-59 through D-72 fo r  samples taken a t  
s i t e  F. 

The control  sample a t  t h i s  s i t e  consis ted of a mixture of two equal popula- 
t i ons  of f i n e  material with a peak a t  100 microns and a coarser  material 
with a peak a t  4 or 5 mill imeters .  I n  every case the  samplers co l lec ted  
predominately from the f ine  population without s o r t i n g  or changing the 
shape of the d i s t r i b u t i o n  curve except f o r  sampler 7. The r e s u l t s  of 
sampling run 7F2 are shown i n  Figures D-67 and D-68 i n  which i t  can be 
seen t h a t  t h i s  sample has a very narrow d i s t r i b u t i o n  with a peak near 60 
t o  70 microns i n  diameter. 
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APPENDIX F 

SOIL TRANSPORT ANALYSIS 

This  appendix presents  the  ana lys i s  methods used t o  ex t rapola te  the da t a  
fo r  e a r t h  t o  condi t ions fo r  Mars a s  given i n  Section 6 .  The methods are 
i n  general  the methods used by Bagnold2, Chepi l l l  and Ryan 53 . 
F. l  I N I T I A T I O N  OF SOIL MOVEMENT 

This s ec t ion  presents  the dynamics of the boundary layer  of the wind a t  
the surface with the loose p a r t i c u l a t e  mater ia l  ly ing  on the surface. 

F.1.1 BOUNDARY LAYER VELOCITY DISTRIBUTION 

The mechanism by which a g r a i n  ly ing  on the surface is  dislodged and 
l i f t e d  i n t o  the f l u i d  flowing over the surface begins with the  boundary 
l aye r  i n t e r a c t i o n  with the surface,  
the  flow, t h i s  boundary layer  can be e i t h e r  laminar or tu rbulen t ,  
laminar flow boundary l aye r  i s  a l i n e a r  funct ion of the height  above the 
surface whereas the turbulen t  boundary l aye r  i s  not'. 
f i l e s  a r e  shown q u a l i t a t i v e l y  i n  Figure F-1, 

Depending on the Reynold's number of 
The 

These ve loc i ty  pro- 

z 

A - Laminar 

B - Turbulent 

C - Turbulent a t  a higher 
Reynold' s number 

V 

FIGURE F-1, TYPICAL BOUNDARY LAYERS 
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The t r a n s i t i o n  from laminar t o  turbulent  flow has been shown t o  occur fo r  
RN > 2000, which i s  usual ly  the case fo r  winds on e a r t h  Over a rough sur-  
face. 
by Bagnold as 

The v e l o c i t y  d i s t r i b u t i o n  i n  a turbulent  boundary layer  i s  given 

(1) 
Z v = 5.75 v* log (-) 
KO 

which is  a t t r i b u t e d  o r i g i n a l l y  t o  Prandt l .  
e f f e c t i v e  drag v e l o c i t y  such t h a t  the  surface drag can be expressed as 

of a flow can be compared with another. 
shown graphical ly  i n  a semilog p l o t  shown as c&ve A i n  Figure F-2, 

The value v ~ r  i s  defined as the 

T = pv* 2 (2). This i s  a convenient d e f i n i t i o n  by which the c h a r a c t e r i s t i c s  
The equation given i n  (2) can be 

log z 

log K' 

v* V t  V L  

FIGURE F-2. W I N D  VELOCITY DISTRIBUTION 

It i s  seen t h a t  t h i s  d i s t r i b u t i o n  appears as a s t r a i g h t  l i n e  i n  t h i s  p l o t  
which can be defined by an equation of the form 

log z = mv + log KO (3) 
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from which 

1 Z ( log  z - log KO) = - log (r) 1 
m m 

v = -  
0 

( 4 )  

The e f f e c t i v e  drag v e l o c i t y  can be r e l a t e d  t o  the  s lope,  rw,.by expressing 
i t  in  terms of ( 4 )  

1 z* 
m v* = - log (F) 

0 

from which 

v* = 5.75 v*. 1 
m z* 
- =  

1% (-1 
. KO 

(5) 

It has been found tha t  v* is  r e l a t e d  t o  m by a constant  having a value of 
5.75. Thus, the e f f e c t i v e  drag v e l o c i t y  can be conveniently determined 
from empir ical  da t a  by measuring the wind v e l o c i t y  a b w e  the surface.  It 
has a l s o  been observed t h a t  the value of KO i s  r e l a t e d  t o  the sur face  
roughness through another constant  of p ropor t iona l i t y  which is  

d KO = - 30 (7) 

where d i s  the  predominant g ra in  diameter on the surface.  

Thus, equation (1) can be r ewr i t t en  a s  

(8) 
30 z 

d v = 5.75 v* log (-). 

It is pointed out here tha t  Equation (8) i s  v a l i d  a s  long a s  no s o i l  
movement occurs. Bagnold has determined t h a t  once s o i l  movement occurs,  
there  i s  an e f f e c t i v e  increase i n  the surface drag r e s u l t i n g  i n  a v e l o c i t y  
reduct ion a t  a given he ight  z .  Curves B and C of Figure F-2 show the  
e f f e c t  of t h i s  on the v e l o c i t y  d i s t r i b u t i o n .  He observed t h a t  a l l  v e l o c i t y  
d i s t r i b u t i o n  curves now passed through a common poin t ,  o ' ,  which he sug- 
gested could be r e l a t e d  t o  the r i p p l e  he ight  fo r  a p a r t i c u l a r  sand. The 
loca t ion  of the poin t  0' is  r e l a t e d  t o  the mean gra in  s i z e  of the sand 
which is  discussed i n  Sect ion F.1.2. 
equation of the form 

This can again be expressed by an 

log z - log  K' = m(v - vt)  (9) 
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from which 

Z v = 5.75 v* log (7) + V t '  K 

The e f f e c t  i s  t o  d i sp l ace  the  ve loc i ty  d i s t r i b u t i o n  upward as an apparent 
increase  i n  surface roughness caused by the add i t iona l  drag.imposed by 
the airborne mater ia l  near the surface.  

F .le 2 THRESHOLD VELOCITY 

I f  the wind v e l o c i t y  passing over a surface of loose p a r t i c l e s  i s  gradual ly  
increased,  a v e l o c i t y  i s  f i n a l l y  reached a t  which the forces  ac t ing  on the  
g ra in  a r e  s u f f i c i e n t l y  l a rge  t o  overcome the  forces  of g rav i ty  holding 
the g ra in  i n  pos i t ion .  

These forces  a r e  shown i n  Figure F-3. 

height  z = 

-- b 
mean bed 

FIGURE F-3. FORCES ACTING ON A PARTICLE AT INCIPIENT MOVEMENT 
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A t  the t i m e  when inc ip i en t  movement e x i s t s ,  the  forces  ac t ing  on the 
* p a r t i c l e  tending t o  cause i t  t o  r o t a t e  about 0 a r e  i n  equilibrium; i.e., 

the  sunnnation of moments about po in t  0 a r e  zero. Bagnold d i d  not o r i g i -  
n a l l y  include the l i f t  force;  however, wind tunnel measurements made on 
hemispheres r e s t i n g  on a f l a t  surface by Chepi15 ' i nd ica t e s  t h a t  the l i f t  
t o  drag r a t i o  var ied  from 0.7 t o  1.3 The manner i n  which g ra ins  leave 
the  surface i s  very complex and d i f f i c u l t  t o  t r e a t  t heo re t i ca l ly .  Chepil 
observed that most of the gra ins  appeared t o  leave the sur face  by jumping 
i n  a near ly  v e r t i c a l  d i r e c t i o n ,  t he  majori ty  leaving a t  angles  between 75 
and 90 degrees from the  hor izonta l .  He accounted fo r  t h i s  behavior with 
severa l  e f f e c t s .  A s  the  g ra in  starts t o  move, i t  r o t a t e s  about po in t  0 
and a t  the same t i m e  moves up i n t o  the more energe t ic  boundary layer .  Thus, 
the p a r t i c l e  i s  spinning and has some v e r t i c a l  v e l o c i t y  due t o  the ac t ion  
of leaving the  surface.  This v e r t i c a l  acce le ra t ion  i s  fu r the r  enhanced 
by the f a c t  t h a t  a r o t a t i n g  sphere i n  a uniform flow generates  l i f t  i n  the 
d i r e c t i o n  of the s ide  of the body where the  flow v e l o c i t y  and the tangen- 
t i a l  ye loc i ty  of the surface of the body add. This e f f e c t  i s  fu r the r  
increased by the  f a c t  t h a t  the flow ve loc i ty  on top of the g ra in  i s  higher 
than the v e l o c i t y  on the lower s ide  because of the  v e l o c i t y  grad ien t  i n  
the boundary l aye r .  In  addi t ion ,  some v e r t i c a l  v e l o c i t y  i s  probably 
imparted by the v e r t i c a l  component of turbulence i n  the f l u i d .  

The e f f e c t i v e  drag ve loc i ty ,  v*, a t  which a p a r t i c l e  begins t o  move can 
be shown t o  be 

v* = A (- gd)' P 

For a g ra in  moving i n  a i r ,  the  dens i ty  of the f l u i d  is  small compared t o  
the dens i ty  of the p a r t i c l e  and Equation (11) can be r ewr i t t en  a s  

A(: gd)' . 
The c o e f f i c i e n t  A has been determined empir ical ly  and is  e s s e n t i a l l y  a 
constant  equal t o  0.1 f o r  R N >  3.5. 
of low flow v e l o c i t i e s  or  very smooth surfaces ,  t h i s  c o e f f i c i e n t  increases  
with decreased p a r t i c l e  s i z e  a s  shown i n  Figure F-4 f o r  p a r t i c l e s  moving 
i n  e a r t h ' s  atmosphere. The e f f e c t i v e  drag veloci,ty required t o  i n i t i a t e  
g ra in  movement i n  t h i s  manner i s  r e fe r r ed  t o  a s  the f l u i d  threshold ve loc i ty .  
Once movement has s t a r t e d ,  the impacting g ra ins  moving i n  s a l t a t i o n  tend t o  
augment the process of p a r t i c l e  movement. Thus, i t  has been observed i n  
wind tunnel measurements t h a t  the v e l o c i t y  a t  which s o i l  movement ceases, 
once i t  has been i n i t i a t e d ,  i s  lower than t h a t  required t o  s t a r t  s o i l  mwe- 
ment. This has been def ined a s  the impact threshold ve loc i ty .  The e f f ec -  
t i v e  drag v e l o c i t y  c o e f f i c i e n t  A i s  pr imar i ly ,  although not  t o t a l l y ,  a 
funct ion of Reynold's number and i s  presented i n  t h i s  way i n  Figure F-5. 
The dashed curve g ives  the  v a r i a t i o n  fo r  t he  impact threshold.  

For very low RN, which i s  a r e s u l t  

Using these 
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values  f o r  the c o e f f i c i e n t  A, with Equation (12), makes i t  poss ib le  t o  p l o t  
the e f f e c t i v e  drag v e l o c i t y  a s  a funct ion of p a r t i c l e  s i ze .  
i s  shown i n  Figure F-6. From t h i s  p l o t  it can be seen t h a t  there  i s  a 
p a r t i c u l a r  p a r t i c l e  s i z e  f o r  which the required e f f e c t i v e  drag v e l o c i t y  
i s  a minimum. This i s  the mater ia l  most e a s i l y  moved and fo r  most e a r t h  
dune sands coincides  approximately with the lower l i m i t  of the gra in  s i z e  
i n  the sand d i s t r i b u t i o n .  Bagnold and Chepil p l o t t e d  the square root  of 
the  g r a i n  diameter so t h a t  the  r i g h t  €rand por t ion  would be a s t r a i g h t  l i n e .  
This same r e s u l t  can be achieved on a log-log p l o t  and, f o r  the da ta  i n  
t h i s  case,  i t  a l s o  makes the  l e f t  hand por t ion  of t he  curve a s t r a i g h t  l i n e .  
This curve was derived e s s e n t i a l l y  from Chepi l ' s  datal1; however, i t  agrees  
w e l l  with Bagnold's da t a  even though Bagnold obtained h i s  fo r  dune sand 
while Chepil obtained h i s  f o r  cu l t i va t ed  s o i l s .  The upper l i m i t  of g ra in  
s i z e  i s  probably determined by the average value of the preva i l ing  winds 
a t  the  poin t  where the  e f f e c t i v e  drag v e l o c i t y  coincides  with the  impact 
threshold ve loc i ty .  Dune sands have an upper l i m i t  of approximately one 
mil l imeter  diameter gra ins .  This corresponds t o  a v* of 1.5 fps .  Using 
Equation (11, t h i s  y i e lds  a wind v e l o c i t y  of 43 fps  o r  30 mph a t  an e l e -  
va t ion  of 10 f e e t .  This agrees f a i r l y  w e l l  wi th  the observed averege 
winds i n  these  types of a reas .  

Such a p l o t  

In  order t o  f ind the f l u i d  threshold v e l o c i t y  i n  other  than an e a r t h  
atmosphere, i t  i s  necessary t o  s a t i s f y  the  requirement of equivalent  
Reynold's number when using Equation (12) .  This i s  most 
solving Equation (12) and the Reynold's number parameter 
i n  terms of v* and d. The value for  v* i s  then given by 

and the assoc ia ted  value of d i s  given by 

e a s i l y  done by 
s imul taneou s 1 y 

The f l u i d  threshold v e l o c i t i e s  fo r  Mars, given i n  Sect ion 6, were derived 
using these equations.  

F.2 MODES OF SOIL TRANSPORT 

So i l  t h a t  i s  eroded and ca r r i ed  by the wind i s  moved i n  three  modes of 
t r anspor t ;  i .e.,  suspension, s a l t a t i o n  and sur face  creep. Of these three  
modes of t ranspor t ,  the  movement of mater ia l  by s a l t a t i o n ,  cons is t ing  of 
a series of leaps  and f l a t  t r a j e c t o r i e s  near  the surface,  i s  the  most power- 
f u l  i n  terms of quant i ty  of s o i l  moved, e f f e c t  on the wind, and eros ive  
capab i l i t y .  The g r a i n s  which move i n  s a l t a t i o n  are those which have the 
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requi red  combination of mass and drag a rea .  These are the  p a r t i c l e s  
which are most e a s i l y  moved by the  wind and are a l s o  the  f i r s t  t o  be 
e f f ec t ed .  The impact of s a l t a t i n g  p a r t i c l e s  on the  sur face  i s  the mechan- 
i s m  whereby f i n e r  p a r t i c l e s  a r e  l i f t e d  i n t o  the wind and c a r r i e d  along i n  
suspension. On e a r t h ,  these are p a r t i c l e s  of 80 t o  100 microns i n  
diameter.  Material c a r r i e d  i n  suspension i s  e s s e n t i a l l y  p a r t i c l e s  of or  
near  a s i z e  so that they do not  ma te r i a l ly  a f f e c t  the  flow e h a r a c t e r i s t i c s .  
The majori ty  of these p a r t i c l e s  are of a s i z e  such t h a t  they obey Stoke 's  
l a w ,  those i n  which i n e r t i a  e f f e c t s  are small with  r e spec t  t o  drag forces .  
This material i s  c a r r i e d  high i n t o  the atmosphere and i s  moved f a r  from 
the s i t e  a t  which i t  i s  picked up. On the  o ther  hand, p a r t i c l e s  which 
move i n  sur face  creep a r e  those i n  which i n e r t i a  e f f e c t s  are l a rge  wi th  
r e spec t  t o  drag or  l i f t  forces .  These p a r t i c l e s  a r e  too l a rge  t o  be 
l i f t e d  i n t o  the f l u i d  flow and obta in  t h e i r  mobil i ty  by v i r t u e  of the 
energy t r ans fe r r ed  on impact a t  the sur face  by the  s a l t a t i n g  p a r t i c l e s .  
Bagnold has estimated t h a t  approximately one f i f t h  t o  one fou r th  of the 
t o t a l  mass of p a r t i c l e  flow p a s t  a given point  pe r  u n i t  width per u n i t  
t i m e  i s  t ransported i n  t h i s  manner. He has a l s o  shown t h a t  f o r  t yp ica l  
dune sand, the quant i ty  of mater ia l  t ransported i n  t r u e  suspension i s  very  
l o w ;  however, Chepil has shown, t h a t  f o r  c u l t i v a t e d  s o i l s  or  s o i l s  with 
wide p a r t i c l e  s i z e  d i s t r i b u t i o n s ,  t he  amount of mater ia l  c a r r i e d  i n  
suspension can be appreciable .  I n  genera l ,  p a r t i c l e s  moving i n  sur face  
creep remain i n  the immediate a rea  while those t r ave l ing  i n  s a l t a t i o n  move 
i n t o  adjacent  a r eas  - the  d is tance  t rave led  being determined by the  
s t r eng th  and dura t ion  of the wind and the  a b i l i t y  of these ad jacent  sur-  
faces  t o  t r a p  the s a l t a t i n g  p a r t i c l e s .  

F. 2 . 1  CHARACTERISTICS OF SALTATION 

A s  mentioned e a r l i e r ,  p a r t i c l e s  moving i n  s a l t a t i o n  a r e  l i f t e d  i n t o  the  
f l u i d  flow by a combination of impact forces  and aerodynamic forces .  The 
majori ty  of the  p a r t i c l e s  tend t o  r ise  near ly  v e r t i c a l l y  from the sur face  
and, a s  the  v e r t i c a l  component of t h e i r  v e l o c i t y  approaches zero,  t o  be 
acce lera ted  by the  wind ho r i zon ta l ly  producing a typ ica l  t r a j e c t o r y  a s  
shown i n  Figure F-7. 

The he ight ,  h, t o  which the p a r t i c l e  r i s e s  i s  a func t ion  of the  i n i t i a l  
v e l o c i t y  vec to r ,  the  s i z e  of the p a r t i c l e ,  and the  ve loc i ty  of the wind 
which determines the length  over the sur face  t raversed by the p a r t i c l e  
and the f i n a l  impact ve loc i ty .  The height  of the t r a j e c t o r y  i s  a l s o  
a f f ec t ed  by the charac te r  of the sur face ;  i . e . ,  p a r t i c l e s  rebounding from 
a hard sur face  rise higher than from a y i e ld ing  sur face .  It has been 
observed t h a t  the mater ia l  t r ave l ing  i n  s a l t a t i o n  r a r e l y  rises higher 
than two o r  t h ree  f e e t  on e a r t h  and can be considerably l e s s .  Other 
c h a r a c t e r i s t i c s  of these  s a l t a t i n g  p a r t i c l e  t r a j e c t o r i e s  observed i s  t h a t  
the  impact angle ,  P,  i s  most commonly 6 t o  1 2  degrees and t h a t ,  where the  
p a r t i c l e  s i z e  i s  appropr ia te ,  the length of r i p p l e s  formed on the sur face  
corresponds very c l o s e l y  with the t raversed  path length,  4. Chep i l l l  
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FIGURE F-7, CHARACTERISTIC PATH OF SALTATING PARTICLE 

observed t h a t  the  r a t i o  of he ight  of r i s e  t o  length  of t r ave r se  fo r  most 
cases  wi th  e a r t h  s o i l s  va r i ed  from a r a t i o  of 1:7, f o r  p a r t i c l e s  r i s i n g  
t o  height of 2 inches,  t o  a r a t i o  of 1 : l O  f o r  p a r t i c l e s  r i s i n g  higher than 
6 inches,  
shown i n  Figure F-8 as determined by Chepil. 

The v a r i a t i o n  i n  t h i s  r a t i o  as a func t ion  of he ight  of r i s e  i s  

LENGTH, FT 

FIGURE F-8. RATIO OF HEIGHT OF RISE TO LENGTH OF TRAVERSE FOR 
SALTATING PARTICLE 
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I n  order t o  es t imate  the e f f e c t  of a Martian environment, the d i f fe rences  
i n  g rav i ty  and aerodynamic drag forces  should be considered. 
p rec i se ly ,  the t r a j e c t o r y  should be computed using numerical methods; 
however, t he  l imi ted  scope of t h i s  e f f o r t  did not  allow for  t h i s .  A f i r s t  
order es t imate  of t he  height  of r i s e ,  which i s  determined l a rge ly  by 
g rav i ty ,  can be made by comparing the  height  of vacuum t r a j e c t o r i e s .  Since 
the  drag forces  due t o  the wind dominate i n  determining t h e ' l e n g t h  of t r a -  
ve r se ,  the r e l a t i v e  drag forces  can be used t o  es t imate  the r a t i o  of 
height  of r ise  t o  length  of t raverse .  The height  of r ise f o r  a p a r t i c l e  
t rave l ing  a vacuum b a l l i s t i c  t r a j e c t o r y  i s  given by 

To do t h i s  

2 2  V s i n  0 
0 0 h =  

2g (15) 

For the typ ica l  s a l t a t i n g  p a r t i c l e  t r a j e c t o r y ,  the i n i t i a l  angle i s  
v e r t i c a l  (eO = 90°) and the i n i t i a l  v e l o c i t y  i s  proport ional  t o  v*, thus 

h N - .  
2 

v* 
g 

From t h i s  the r a t i o  of height  on Mars t o  e a r t h  can be estimated 
2 

V*m 
m gm 

2 
v* e 

- h 

h 
- =  

- 

2 

and 

h m = h e ( z f t  

From t h i s  r e l a t i o n ,  i t  can be seen t h a t  s a l t a t i n g  p a r t i c l e s  can be 
expected t o  r i s e  higher on Mars s ince  v* f o r  Mars i s  high and g rav i ty  i s  
reduced. In  a s imi l a r  way, the drag e f f e c t s  can be estimated. The drag 
on a p a r t i c l e  i s  given by 

D = 5 pv 2 CDA (19) 

Assuming t h a t  the  drag c o e f f i c i e n t  i s  the  same and t h a t  the  length  of 
t r ave r se  i s  proport ional  t o  the drag forces ,  then 

2 2  L - p ~ ~ d  
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from which 

d2 'mv*m m 
2 2  

'e V*e de 

6 
" =  
6 e 

I n  t h i s  r e l a t i o n ,  the  diameter and v e l o c i t y  used a r e  those assoc ia ted  
wi th  the  p a r t i c l e  most e a s i l y  maved or  the minimum obtained from the f l u i d  
threshold curve. Thus, the  length  of traverse on Mars i s  given by 

A f i n a l  property of s a l t a t i n g  par i c u l a t e  ma te r i a l  required t o  descr ibe  
the  t ranspor t  of s o i l  i s  the  quant i ty  of mater ia l  t ransported.  
determined from momentum considerat ions t h a t  the quant i ty  of material 
being t ransported i n  s a l t a t i o n  i s  propor t iona l  t o  the  hor izonta l  component 
of the impact v e l o c i t y  (4 of Figure F-7) and inverse ly  propor t iona l  t o  
the  length  of path t raversed.  Also, the  f i n a l  v e l o c i t y  u2 i s  proport ional  
t o  wl, the  i n i t i a l  v e r t i c a l  component of the v e l o c i t y  which i s  d i r e c t l y  
r e l a t e d  t o  v*. Thus, he gives  the expression 

Bagnold2 

knowing tha t  approximately one-fourth of t he  material i s  t ransported by 
surface creep, he obta ins  the  expression 

4 8  3 
q = 7 ' E P V *  

f o r  the t o t a l  quan t i ty  of dune sand being t ransported.  He fu r the r  de te r -  
mined t h a t  the  quant i ty  t ransported i s  a l s o  a funct ion of the p a r t i c l e  
s i z e  and the  d i s t r i b u t i o n  of s i z e s  e x i s t i n g  i n  a soil. Thus, t he  expres- 
s ion  given i n  (24) becomes 

The va lues  f o r  C a r e  l i s t e d  i n  Table F-1. 
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TABLE F-1 

1.5 

1.8 

VALUE OF COEFFICIENT C 

Sand with a narrow dev ia t ion  of p a r t i c l e  s i z e  

Natural ly  graded dune sand 
-- 

2.8 Sand with a wide dev ia t ion  of p a r t i c l e  s i z e  

Typical v a r i a t i o n s  of quant i ty  of material t ransported as a funct ion of 
wind v e l o c i t y  w a s  determined i n  wind tunnel t e s t s  by Chepil'l and are 
shown i n  Figures F-9 and F-10 fo r  two types of soi l .  
these s o i l s ,  considerable  mater ia l  i s  c a r r i e d  i n  suspension although l e s s  
so fo r  the  coarser  s cep t r e  heavy c l ay .  
mined the v a r i a t i o n  of the quan t i ty  of ma te r i a l  being t ransported pe r  u n i t  
a r ea  normal t o  the  flow a s  a func t ion  of he ight  above the sur face .  This 
i s  shown i n  Figure F-11 fo r  the same two s o i l s ,  Chepil s t r e s s e s  t h a t  these 
a r e  only average values  and apply fo r  winds with v e l o c i t y  range of 13 t o  
30 fps  measured a t  a he ight  of one foo t  above the  sur face .  

It i s  seen t h a t  f o r  

I n  addi t ion ,  Chepilil a l s o  de t e r -  

F.2.2 CHARACTERISTICS OF PARTICLES I N  SUSPEb?SION 

These a r e  p a r t i c l e s  of a s i z e  such t h a t  they e s s e n t i a l l y  do not  i n t e r f e r e  
with the f l u i d  flow nor absorb energy continuously from it.  I n  general ,  
these p a r t i c l e s  obey Stoke's law so t h a t  they quickly acqui re  the v e l o c i t y  
of the f l u i d  flow, are e a s i l y  ca r r i ed  upward with any v e r t i c a l  components 
of flow due t o  turbulence,  and f i n a l l y  f a l l  out  a t  some low terminal 
v e l o c i t y  when the wind has ceased. This terminal v e l o c i t y  i s  given by 

where the  f l u i d  dens i ty  i s  small compared t o  the p a r t i c l e  dens i ty ,  a. 
This equat ion i s  f a i r l y  accurate  up t o  a Reynold's number o t  two which i s  
s l i g h t l y  higher than the minimum e f f e c t i v e  drag v e l o c i t y  of the  f l u i d  
threshold curve. It i s  seen that t h i s  terminal v e l o c i t y  i s  a funct ion 
only of the p a r t i c l e  p rope r t i e s ,  the g r a v i t a t i o n a l  cons tan t ,  and the  
v i s c o s i t y  of the  f l u i d  through which the p a r t i c l e  i s  f a l l i n g .  The terminal 
v e l o c i t y  i n  a Mars environment fo r  a given p a r t i c l e  s i z e  is  given by 
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The material c a r r i e d  i n  suspension can therefore  be assumed t o  be f a i r l y  
uniformly d i s t r i b u t e d  throughout a turbulent  wind gradient .  
firmed t h i s  t o  a c e r t a i n  ex ten t  i n  determining the  p a r t i c l e  s i z e  d i s t r i -  
but ion a t  var ious heights  above the surface.  This da ta  i s  shown i n  
Figure F-12 fo r  he ights  of 2,  5, 11, and 20 f e e t .  A s l i g h t  tendency for  
the  peak of the d i s t r i b u t i o n  curve t o  s h i f t  towards the f i n e r  material 
with increased a l t i t u d e  i s  shown fo r  the s i l t  loam s o i l  b u t ' i s  not as 
apparent fo r  the sandy s o i l .  Sort ing by s i z e  probably does occur when 
the s o i l  i n  suspension i s  c a r r i e d  t o  extreme heights  s ince  the l a rge r  
p a r t i c l e s  have higher terminal v e l o c i t i e s  and are not  as e a s i l y  supported 
i n  the more tenuous upper atmosphere, 
study . 

ChepilEf con- 

This w a s  not  inves t iga ted  i n  t h i s  
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